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IN甘R O D U C TIO N
polya min e s(putr e scin e, spe rmidin e andspe rmin e)ar e e ss e ntial fa cto rfo r c ell
pr olife r ation a nd differ e ntiatio n･ The m uta nt c ells deflCie nt in polya min e
bio synthe sis a reis olated fr o mEs cherichia c olt[1], Sa c charo myc es ce re visiae[2]and
chin e s eham ste r o v ary c els[3]. The s e c ells r equir ed polyaminesfo r c ellgr o wth･
putre s cine a ndspe rmidin e ar e ubiquito u sin alm o st al 1ivl ngOrga nis m s, e x c ept tw o
o rders of Ar cha e a, Metha n oba cteriales a nd Haloba cteriale s, whe re as spe r min eis
m ainly foundin e ukaryotic c ells[4]･ In additio n, e xtr e m etherm ophile, The r mus
the rm ophilus pr odu c e u niqu epolya mine s s u ch a sN
4
- a min opr opylsper midin e a nd
N
4
- a min opr op ylspe rmin e[5].
polya min e s c arry po sitiv e charge s o n e ach a min ogr o ups u nde rphysiologic al
c o ndit ons. T he s e charge s e n able polya min e sto inte ra ct with D N A, R N A,
ribo s o m e sa nd othe r a cidic c o n stitu e ntsin c ells. Estim atio n ofpolya min ebindingto
m a cr o m olecule sinbo vin elympho cyte s, r atliv er a nd E･ c oltc ells re v e aledthat m o st
polya min e se xist a s c o mple x with R N Aa ndthu stho ught to affe ct tra n slatio n at
v ario u s steps[6, 7]. In fa ct, polya mines stim ulatethe synthe sis ofs o m epr otein s
[8-12]a nd in cr e ase thefidelity oftr a n slatio n[13, 14]･ Polya min e sals oindu c ethe
a s s e mblyof 30 Sribos om als ubu nitsin vivo[15,16]･
In E. coli, three m e chamis m s of stim ulatio n of pr otein synthe sis at the
tr a n slatio n al le v el by polyamin e s ar epr opo s ed; (i) Polya min e sindu ce str u ctu ral
cha nge s of R N Aat the Shine
- Dalga rn o(S D)sequ e n c ea ndtheinitiatio n c odon A U G,
thu sfa cilitate fo r m atio n ofthe initiatio n c o mple x[17, 18]･ (､ii) Polya min e s
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facilitate U UG c odo n-depe nde nt initiatio n of m R N Atr a n slatio n [19]. (iii)
Polya min e s stim ulate the s uppr e ssio n of U A Ga mbe r te min atio n c odo n by
fa cilitatingthebindingofs uppr e ss o rtR N Ato ribo s o m e s[2 0]. The pr otein s whos e
synthe sis ar e stim ulated by polyamin e sthr o ugh thes e m e cha nis m s a r et rm ed a s
HPolya min e m odulo n
”[21]. Se v e r altr a n s criptio nfa cto r sCya[19], RpoS[20],Fe el
a nd f
-
is【21], a nd ape ripla s mic oligopeptidebindingpr otein OppA[17】are a ssign ed
a sPolya min e m odulo nthu sfa r a ndar ein v olv ed inthe c o ntr olofc ellpr olifer atio n.
In e ukaryotic c らlls, u n u s u al a m ln O a cid, hypu sin e
(N4-(4- a min o-2-hydr o xybuty1)lysin e)is fo u nd in e uka ryotic tr a n slatio ninitiatio n
fa ctor5 A(eIF-5 A)as a r e s ult ofpo st tr a n slatio n al m odifl C atio n[22, 23]. Hyp血sin e
isderiv ed 丘o m sper midin eby the actio n oftw o e n zyme sde o xyhypu sin e synthas e[24,
25]a ndde o xyhypllSin ehy血o xyla s e[26]. In m a m m alia n c ells, inbibito r s ofeithe r
de o xyhypu sin e synthas e o rde o xyhypu sin e hydr o xyla s e e x e rt a nti-pr olife r ativ e
e飴cts[2 7, 28]. Depletio n ofpolya min e sbyinbibito rs ofpolya min ebio syntbetic
e n zym e s c a u s edefe ctin m atu r atio n of eIF-5 A follo w ed by c ellgro wtharr e st[29].
eIF-5 Aa nd itshypu sin e m odific atio n ar e critic al fo r c ellpr oliferatio n[22,23].
Thr e ekinds ofpolya min e sca n e x e rt alm o st the s a m efun ctio n sin diffe re nt
effe ctiv e co n c e ntr atio n s. T he degr e e of effe ctiv e c o nce ntr atio nis in the.o rder
putr e s cin e > spe r midin e > spe min e[30]. In their- ability to stim ulate pr otein
syn也e sis, 1 m ol ofspe min eis equiv ale nt to4 m ols ofspe midin e a nd 100m ols of
putr e scin e[30]. Itis r are c a s ethat ther e ar ethr e ekinds ofc o mpou nds which ha v e
s a m e氏In Ctio n sin c ells･ Itis tho ught to be prope rfわrthe m ainte n a nce or optim al
c o n c e ntr ations. Be side s, they a r eto xic in high c o nc entratio n. H igh le v els of
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polya min e s c a u s ethede cr e a s e ofpr otein synthe sis a nd A T 甘,da m ageto mito cho n血ia,
a nd le ad to c ell de ath[31-4 0]. Cells ther efo r eha v e s ophistic ated m e chamim sto
r egulatetheintr a c ellularpolya min ele v el. Intr a c ellularpolya min ele v el is r egulated
bybio symthe sis, degr adatio n a ndtr a n spo rt.
Pathw ays ofpolya min ebio synthe sis a nd degr adatio n ar e sho w nin Fig. 1.
Bio synthe sis of polya min e s starts by fo r m atio n of putre s cine fr o m the
de c arbo xylatio n of o mithin e by o r nithin e de c a rbo xylas e, OD C･ Putr e s cin eis
c o n v e rt d into spe r min e a nd spe rmin ebys equ e ntialc o mbin atio n with amin opr opyl
gr o up deriv ed fro m S- ade n o sylm ethio nin e fo r m ed by S-aden o sylm ethio nine
de c arbo xyla s e, S A M D C. BothO D Ca nd S A M D Ca re r ate･limiting e nzym e sin the
pathw ay ofpolya min ebio synthe sis･ And an other e nzym e, a ntizym eplays c e ntral
r olein poly amin e m etabolis m as n egativ e r egulato r of intr a c ellularpolya min ele vel
[41-44]. Pr odu ctio n of a ntizym eisindu c ed by polya min e sthr o ughtr a n slatio n al
fr a m e shifting[45]. Antiz ymeis e n c oded bytw o o v e rlap ping ope n r e ading &a mes
(O R Fla nd O R F 2), a nd tr a n slatio n al丘a m e shi允ingfo r w ardo n eba s eju stbefo rethe
stop c odo n of O RF l is r equired fo rthe synthe sis offull le ngth(i･e ･ activ efo r m)of
a ntizyme. Antizyme c a nbindto O D Ca nd le ad O D Cto degr adatio nby the 26S
pr ote as o m e[46, 47]. Degr adatio n of O D C by pr ote a s o m eis A TP-depe nde nt[48,
49], but ubiquitin e-indepe nde nt[5 0, 5 1]. Antizyme als o c a n alte rthe polya min e
uptake a ctivity ofc ellsfo rlo w e rthu sdo w n r egulatetheintr a c ellularpolya min ele vel
[52,53].
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Thefir st step lnPOlya min edegr adatio nis N
l
-a c etylatio n ofspe mi dine a nd
sper min e by sper midin e/sper min e N
l
-a c etyl tr a n sfe r a se, SS A T, to fo r m
Ⅳ
l
-a c etylspe midin e a nd Ⅳ
1
- a c etylspe min e u sing a c etyトCoA [5 4, 55】. The s e
N
l
-a c etylpolya min e s a r ethe n o xidiz ed byF A D-depe nde ntpolya min e o xida s etofor m
putr e scin e and sper midin e, r e spe ctiv ely[56]. Oxidatio n of ac etylatedpolya min e s
pr odu c e3- a c eta midopr opa n ala nd H202,bothar eto xicfo r c els[5 7,58]. Onthe othe r
ha nd
,
spe r min eisdir e ctly o xidiz edby spe rmin e o xidas eto pr odu c e spe rmidin e a nd
3- a min opr opan al[59-62]. 3- a min opr opa n al is spo nta n e o u sly c o n v ert dto a cr olein,
whichis highly r e a ctiv e c o mpo u ndthu sbindto lysln e a nd histdin e re sidu e s a nd
distu rb the fun ctio n ofpr otein s[63,64]. Ac r olein andspe rmin e o xida s e activityar e
signific a ntly in c r e as ed in the pla s m a of chr o nic r e n al failu re[65] and str oke
patie nts(To mitoriH. a nd Us ui T., u npublished w o rk), s othat c a nbe m arker sfo rthe
diagn o sis ofthes edis e as e s.
A ltbo ughpolya min e m etabolicpa血w ays ∬ e w ells ophistic ated, tr a n spo rt of
polya min e splays c m cialr ole sin r egulatio n ofc elularpolya min ele v el. Inthe c as e
of defl Cie n cie sin polya min ebio synthe sis, uptake ofpolya min e s&o m e xtr a c ellular
e n vir o n m e ntisimporta nt. Inde ed, m uta nts deficie ntinthe polya min ebio synthe sis
sho w in c r e as ed polya min e uptake a ctivitie s(The u npublished re s ults of mys elf)I
Mo r e o v e r
,
e x c retio n of polya min e s丘o m c ells is vital pr o c e s s. Cells e x crete
polya min e s a sto the gr o wth state, in a ctiv ein the gr o w l ng C els a nd a ctiv ein the
re stingc ells[6 6, 67].
As fo rthetr a nsport, thr e epolya min etr a n spo rt syste m s w e r eide ntified a nd
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char a cteriz ed in E. c olt[68]. Tw o ofthe m w er eA TP b in ding c a s s ett(A B C)
tr a n spo rte rs a nd one w a s a m e mber of a min o acid-polya min e- o rga n o c atio n(A P C)
tr a n sporter fa mily･ T he first O n eis aputr es cin e-spe cifi c Syste m C O n Sisted offou r
kinds ofpr oteins, PotF(the s ubstr atebinding pr otein), PotG(anA T Pa s e), PotH a nd
PotI(both w e r e cha n n el-fo r mingtr a n s m e mbr a n epr otein s) [69]･ T he s e c o nd w as
spe r midin e-prefer e ntial uptake syste m, c o n sited ofPotA (an A T Pas e), PotB a nd
PotC (cha n n el-fo rming tr a n s m e mbr an epr otein s), a nd PotD (a substrate binging
protein)[70]. The stm ctu re of s ubstr ate binding protein sPotD a nd PotF w e r e
s olv ed by X -r ay crystallogr aphy a nd polya mine binding site s were char a cteriz ed
bas ed o nthe r e sults of site-dir e cted m utage nesis ofthe ge n es【7 ト75]. T he third
syste m, PotE, m ediatedbothuptake a nd e xc r etio n ofputre s cin e[76, 77]･ Uptake of
p山r e s cin e w a sdepe nde nt o n m e mbr a n e membrane pote ntial, whe r e a s e x c retio n w as
c atalyz edbytheputr e s cin e/omithin e e x change re a ctio n[78,79]I
The pr ope rtie s ofthe polya mine tr a nspo rt syste m sin E･ c oli ha v ebe e n
clari丘ed a nd s山died in detail. Ho v e ver, the pr ope rtie s ofpolya mine tr a n spo rt
syste m sin e ukaryotic cells r e main u nderthe elu cidatio n･ Itha sbe e n s ugge stedthu s
far that the polya mine tr a n sport in m arr - alia n c ells is G amie r
- m ediated
,
en ergy-depe nde nt a nd m a ny c ellsha v e a slngetran sporterforputr e s cin e, spe rmidin e
a nd spe rmin e [80]. It w as re c e ntly repo rted that Gly pIC a n-1, o n e of
glyc o sylpho sphatidylin o sitol- a n chor ed c ell
-su rfa ce hepar a n s ulfate pr ote oglyc a n s,
c a nbe a v ehicle fb∫ polya 皿in e 叩take in m a m m alia n c ells a nd e ndo cyto sisis a n
alte 皿 ativ epa血w ayfわr polya min e uptake [81]･ Ho w e v e r, role of e ndo cyto sis in
polyamin e inte rn aliz atio n is co ntro v er sial [82]･ De splte Stren uo us effo rts,
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polya min etr a n spo rt syste m sin m a m m alia n c ells ar e n ot char a cteriz ed at the
m ole c ularle v els o免r afte r all. M o str e c e ntly, age n e e n c odingforpr otein LmP O Tl
that m ediate polya min e uptake into c ells ha sbe e n clo n edin pr oto z o a npathoge n,
Leishm ania m ajor[83]. Fu rthe r studie sfor char acteriz ethepr ope rt
.
ie s ofpolya min e
tran spo rtin eukaryotic c ells ar e r equir ed.
The m o st adv a n c e m e ntin u nde rsta nding ofpolya min etr a n spo rtpr opertiesin
e ukaryotic c ellsis a chie v edinthebudding ye a stS. c e r e visia e. Fo u rge n e s e n c oding
polya min etr a n sportpr otein Tpolp, Tpo2p, Tpo3p and Tpo4p w er eis olated[84,85]
bas edo nho m ologywithpolya min e e組u xpr oteinBltin Ba cillu s s ubtilis[86]∴ Cells
e xpr es slng the se ge n e s with m ulti- c opy v e cto r w er e r esista nt again st high
c o n c e ntr atio n s ofpoly amin e s. Amo ngthe s etra n spo rter s, Tpo2p andTpo3p w er e
spe cific fo r spermin e, whe re a sTpolp a nd Tpo4pre c ogniz edputr e s cin e, spe rmidin e
a nd spe rmin e. Ho w e v er, t a n spo rte rs spe cificfo rputre s cin e a ndspe rmidin e uptake
ar e n otide ntified.
In thisthe sis
,
Iaddre s s edthepr ope rties ofpolya min etr a n sportsyste m sinS.
c ere visiae. The aim ofthis study is to r e v e althe c o mplete s9tS Ofpolyamine
tr a n spo rtsyste m sin S. c ere visia efTor u nde rsta nd ho wintr a c elularpolya minele v elis
r egulated bytr a n spo rtin e uka ryotic c ells.
In Chapter 1, s ubc ellularlo c aliz atio n a nd cha r a cte ristic s ofTpolp will be
dis c u ss ed･ Ac c o rdingto the pr ope rtie s of Tpolp - Tpo4p pr otein sthatha v ebee n
r eported,they w e r elo c ated o nthe v a c u olar m e mbra n e a ndtra n spo rtpolya min e sinto
v a cuole s whe n e xpr e ss ed with m ulti- c op yve ctor. Ho w e v e r, it w a s r epo rtedthat
the s epr otein s e x.ist on pla s m a m embr an e a ndex cr et polyaminesfr o mcellsby u slng
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H A-tagged Tpo kno ck-in str ain s･ So I r e e x a min ed the c ellularlo c aliz atio n a nd
char acte ristics of Tpolp a nd fbⅧ ･d that whe n e xpr e s s ed Ⅵ′地 m ulti
- c opyv e ctor,
Tpolp w a s m ainlylo c ated o nthe pla s m a m e mbr a n ebut s om e ofthe m w er elo c ated
o nthe vac u olar m e mbr 皿 e. Whe nTpolp w a s e xpr e s s ed withsingle- c opyv e ctor,it
w aslo c atedo nly o nthepla s m a m e mbr a n e･
In Chapter 2, I will de s cri be abo ut regulation of a ctivityand c ellular
lo c aliz atio n of Tpolp bypho spbo rylatio n･ T he r ole ofpho spho rylatio n o nTpolp
a ctivity w a s e x a min ed u sing m uta ntpr otein s whichcarryingala nin ein ste adofs erin e
or 也∫eonin e r e si 血e sin 也e hypothetic al cytoplasmic r egio n s of Tpolp･ It w a s
fbu ndthat Tpolp a ctivity w as r egulatedthr oughphosphorylatio n at S19 by Pkclp
a nd atT 52 byYcklp･ So rting of Tpolpfr o mERtoplasm a m e mbr a n e w a s e nha n c ed
thr o ughpho sphorylatio n at S 342byTpklpa nd Tpk2p･
In C hapte r3 a nd 4, pr ope rtie s of polyamin e uptake tr a n spo rter s will be
de scri bed･ Uptake ofputr e s cin e by G A B Atr a n sporter Uga4p o nthe v a c u olar
m e mbr a n e will bedis c u s s ed in C hapte r3. C hapter 4fo c u s e s o ntheputr e s cin e a nd
spe rmidine uptake a ctivitie s of Gaplpo ntheplas ma m e mbr a n e･
Ac c o rdingtothe w ork of Tachihar aK･ and mys elf,it w a s sho w nthat也e re ar e
fiv etr a n spo rtersin v olved in e x cr etio n of polya mines a nd tw opolya min e uptake
tran sporters in S. cer e visia e(Fig･ 2)I Ho w e v e r, t a n sporters spe cific for uptake of
spe rmidine o r spe min e ar e n ot ide ntifi ed thu sfar･ Fu rthe r studie sto r e v e althe
co mplete s et ofpolya min etr a n spo rt syste m sin ye a st a r e r equi･r ed 触 Ⅶnde rsta nding
ho wintr acellularpolyamin ele v elis r egulated bytr a n sportin e ukaryotic c ells･
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Fig･ 2･ PolyamiAe tr a n sport Syste m s in Sq c cha rv myc e s c u e vist
'
a e. Poly amin e
transpo rte rs ar e repre s e nted as circle s･ T he tr ansloc ations of polyamines a c ro s s
m e mbran es a re indic ated bybla ck arr o w s. Tpolp - Tpo4p pr otein sare repre s ented a s
n umbe r ed cir cle s･ P hosphorylatio n sby pr oteinkin as e s ar eindic ated byr ed ar ro w s.
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Chapter1
Stlbc ellula rlo c aliz ation a ndcha r a cte ristic s of Tpolp
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INT R O D U C TI O N
Fo u rge n e sthat e n c ode polya min etra n spo rtpr otein sin S･ c erevisiae, Tpolp
thr o ugh Tpo4p, w er eide ntifledby To mitoriet al.[84, 85]. Ov e r e叩r e S Sio n ofthe se
protein s redu c ed polya min e to xicity a nd pr om oted ac c u m ulatio n of polyamin esin
v a c uole s･ Am o ngthefo u rpolyamin etr a n sporters,tho s e e n c odedby TP O 2a ndTP O3
w er e spe cific fo r spe rmin e, whe re astho s e e n c oded by TP Ola nd TP O 4r e cognized
putr escin e, spe r midin e a ndspermin e.
It w a s r epo rted that Tpolp w aslo c ated o n the v a c u ola r m e mbr a n e a鮎r
o v er e xpr e s sio n u sing the m ulti- c opyv e cto rY Ep351[87]. Ho w e v e r, it ba s
t
be en
r eportedr e c e ntlythatTpolp w a slo c ated ontheplas m a m e mbr a n e, dete min ed byu slng
a HA -tagged TP O l kn o c-in str ain [88]･ Thu s, Tpolp, lo c ated o n the pla s m a
m embra n e, w a spr edicted to be in v olv ed in e x c r etio n of polya min e s. Thu s, I
re-e x a min edthe c ellularlo c aliz atio n a ndpolya mine tran spo rt a ctivity ofTpolp u sing
m ulti- c opya nd single- c opypla s mids e n c oding Tpolp or H A-tagged Tpolp. It w a s
fo u ndthatTpolp w a slo c ated o nthepla s m a m e mbr a n e, butthat s o m eTpolp w a s als o
lo c ated o nthe v a c u olar m e mbr a n e whe n Tpolp w as o v e rpr odu c ed･ Furthe r m o re,
Tpolpc a n c atalyzethe uptake ofpolya min e s atalkalinepH a ndtheir e x cr etio n ata cidic
pH.
- 13-
R E S U L TS
Subcelula rlo c alization ofTpolp
'
To dete rmin ethe c ellularloc aliz ation of Tpolp, a triple HA epitopetag w as
atta chedtothe C-te rmin u s of Tpolp. Cells o ver e xpresslngTpolp- H A3 W e re re sista nt
to sper min eto xicity, as w er e c ells o v e rexpresslng u ntag ged Tpolp, indic ating that
Tpolp- H A3 fu n ctio n s similarly to Tpolp (data n ot show n). Using Tpolp- H A3,
c ellularlo c aliz atio n w asdete min ed by Weste m blot a n alysis a鮎r s u c ro s ede n sity
gr adie ntc e ntrifugatio n ofthe m e mbran e丘a ctio n･ As sho wninFig1 3, Tpolp- H A3 W as
lo c ated in the plas m a membran efra ctio n whe nTpolp- H AS Was e xpr e s s ed u slngthe
single-c opyv e cto rY Cp50･ The r e s ults c o nfir m edthe re c entr epo rtby A lbe rts en et all
[88]. Ho w e v er, the Tpolp- HA3 W as lo c ated in both the v a c u olar m e mbr a n e a nd
pla s m a m e mbr a n e舟a ctio ns whe nthepr otein w a s e xpr es s ed u si ngthe m ulti- c opyv e cto r
Y Ep352. To e x clude the po ssibiltythat the Tpolp- H A3 fo u nd in the v a c u olar
m e mbr a n efねctio n(lanes 3 to 6 in the s e c o nd ro w of Fig. 3) a ctu ally r efle cts
c o nta min atio n fr o mthe plas ma m embr a n efra ctio n, r efr a ctio n atio n ofthe v a c u olar
m e mbr a n e丘a ctio n s w aspe rfo rm ed by su cr o se. de n sity gr adie nt c entri fugation･
Tpolp- H A3 appe ar edn ot o nlyinthe v a c u olar m e mbr a n efr actio nbut als ointhepla s m a
m e mbr a ne 丘a ctio n. T he a m o u nt of Tpolp at v a c u olar membr ane fraction w as
in cr e a s ed co mpar edtothe 血st 丘a ctio n atio n, s 喝ge Stingthat sワm eTpolp lSinde ed
located o nthe v a c u olar m e mbrane(Fig. 3).
- 14-
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Fig･ 3･ Stlbc ellularlocalizatio n of Tpolp dete rmin ed bys u c r o s ed n sitygr adie nt
c e ntri fqgatio n･ Ye astB Y474lc ells c arrylngtheplas mide n c oding H A-taggedTP O l
ge n ew er e c ult r ed in Yp Dm ediu minthepre s e n c e of0.4 mM spe min e, a nd ba Ⅳ e sted
at A540 = 0･51 Subc ellular &a ctio n atio n a nd We ste rnblot a n alysis W er ePe rfo r m ed a s
de s cri bed in 'TM aterials a nd Methods” . H A-tagged Tpolp e n c oded by slngle- c opy
v e ctor Y Cp5 0, is sho wnin the flrSt r o w, a nd Tpolp e n c oded by m ulti- c opy v e cto r,
Y Ep352, is sho w nin the s e c o nd r o w. T he r e s ult ofthe r efr a ctio n ation of v a cuolar
fraction s(Fr. No. 3 to 6) of Tpolp is sho w nin the third r o w. V P H l, v a c u olar
H
＋
- A T Pas e1;P M A l, pla s m a m e mbra n eA T Pas e1. Data o nthe tw otop 鮎 ctio n s(0
a nd 18 %s u c r o s e)w er e o mitted.
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Thes e results w e re c o nfirm ed byindir e ctim m u n ofho re s cen c e micr o s c op y･
As sho w nin Fig･ 4, 且uor e sce ntTpolp- H AS W as Obs e Ⅳ edinboththepla s m a m e mbr a n e
a nd v ac u olar m e mbran e whe n the sepr otein s w e r e e xpr e s s ed u slng the m ulti- c op y
v e cto rY Ep35 2･ Ho w e v e r, whe nthe pr otein w a s e xpr e s s ed u sl ng the sl ngle- c op y
pla s mid Y Cp50, Tpolp- H A3 W as m ainlylo c ated o npla s m a m e mbr a n e.
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Fig. 4. Subc e11t1a r lo c aliz atio TL Of Tpolp determin ed by im J m n Oflu o r e s c e n c e
mic r o s c opy. Ye a st B Y 4741c ells c ar rylng the pla s mide n c od ing H A-tagged TP Ol
gene w er e cultu red in Mg
2＋
-li mited S Cm edium in the pre s e n c e of O14 m M sper mine,
a nd ha rv e sted atA5 40- 0.5. Indire ctim mun ofluore scen ce micro s copyw a spe rfo rm ed
as de s cribed in ”M ateri als a nd Methods” . Diffe re ntial inte rfer e n c eco ntr ast(DIC,
up pe rpa n eLs)a nd c o rre spo nd ingfluo r e s c e n c eim age s(lo w e rpa n els)are show n. Scale
bar - 1 0pm .
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Properties ofPolya min eTra n sporter Tpolp
Istndiedthe pr ope rtie s ofplas m a- m e mbra ne polya min etr a n spo rtby Tpolp･
As sho w nin Figs･ 5 Aa nd 5 C, uptake ofspe rmin e a nd spe rmidin e w a s obs e r v ed atp日
8･0
,
u sl ng C ellstr a n sfo rm ed withthe m ulti-c opy plas mid. Fo rthe E. c oltputr e s cin e
tr a n spo rtpr otein PotE, putr e s cin eistr a n sported in bothdire ctio n s; putr e s cin e uptake
o c c u r s abo v epH 7, whe re a s e x c r etio n o c c u r s at a cidicpH[79]. Todete min e whether
Tpolpha s a similar a ctivity;e x cr etio n ofspe -in卓 andspe midin e w as m e as u r ed atpH
5･0
,
which is clo s etothepH within v a c u ole s【8 9]. As sho w nin Figs. 5 A a nd 5 C,
spe min e叩take atpH 5･O w as o nlyslightlyi 血ibitedbyTpolp,bu･t spe midin e uptake
w a s cle arlyinhibited,indic atingthat Tpolphaspolya mine e x c r etio n a ctivity at a cidic
pH ･ Whe nTpolp w a s e xpr e s s ed withthe si ngle-c opy plasmidin TP O lge n e-dis rupted
m uta nt Y T H 27-1
,
lo w but signific a nt uptake at pH 8.0 a nd e x cr etio n ofthe s e
polya min e s atpH 5･0,judging 丘o mtheinhibitio n ofthe uptake ofthe s epolya min e s,
w e r e obseⅣ ed(Figs. 5 Ba nd 5 D). T he re s111ts indicate 也at Tpolp located o nthe
pla s m a m e mbr a n e c atalyz esper min e a nd spermidine uptake atpH 8.0 a nd e x cr etio n of
the s epolya min e s atpH 5.0.
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Fig･ 5･ Spe rmine and spermi din e tlptake a ctivitie sby TpolpatPII 8･O a ndpH 5･0･
Y P H 499c ells c arryingTP Olge n ein Y Ep35 1(A, C)a ndTP O lge n e-dis rupted m uta nt
Y T H 271 c ells c arryingTP O lgenein Y Cp50(B, D)w e r e c
'
ultur ed in Mg
2'
-limited S C
m ediu m with 20 mg/lofade nin e s ulfate, u r a cil, L-histidin e, し1ysln e a nd しtryptopha n
in the prese n c eof O14 m M o rO･25 m M sper min e, a nd ha rv e sted at A540- 0･5･
Spe min e a nd spe midin e 叩take a ctivities atpH 8.0 a nd pH 5.0 w er e m e a s u r ed a s
de s cribed in TIM aterials a nd Methodsn . A
,
C: 0
,
Y P H 499/Y EpTP O l; 0 ,
Y P H 499/Y Ep35 1, β, 刀: ○ , Y T H 27-1/Y CpT P O l; ○ , Y T H 27-1/Y Cp50･ Data ar e
sho w n a s m e a n土 S. E. oftriplic atedete min atio n s.
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Ex cr etio n of pr elo aded [
14
c]spe r midin e &o m cells by Tpolp w asthe n
e x a min ed. Ho w e v er
,
the e x cr etio n ofpr elo aded[
14
c]sper midin eby Tpolp wa s v ery
s m all(data n otsho w n), c o nfirming pr e vio u s r e s ults[88]･ Be c a u s espe rmi din ebindsto
ribo s o m e s[7], the m e as ur ed e x c r etio nofsper midin e m aybeinflue n c edbyspe r midin e
bindingto ribo s o m e s. Ithe r efo r e m e a s uredthe excretio n ofpr elo aded[
14c]par aqu at, a
polya min e a n alogu e【84], by Tpolp. As sho wn in Fig. 6, e x cr etio n of【
14c】paraqu at
fr o m c ells w a sin the o rder Y P H 499/Y CpTP O l> Y P H 499/Y Cp50 > TP O l
ge n e-dis r upted m uta nt Y T H 27-1/Y Cp50. Ex c r etio n of[
14c】par aqu at by Tpolp
(appr o xim ately0.4 ru n ol/min/mg pr otein)oc c u rr edat a r ate c o mpar ableto e x cr etio n of
spe rmidin e, a sdeduced by the inhibitio n of spe rmidin e uptake by Tpolp atpH 5･0
(appr o xim ately O･4 n m ol/min/mg protein) (se eFig･ 5 B)･ Ho w e v er, e x c r etio n of
[
14
qpa r aqu at w a s notobse rv ed atpH 8.0(data n otsho w n).
Excretio n ofsper min e w as c o nfirm ed by m e as u rmgspe rmin e c o nte ntin c ells
c ultu r edinthepr esenc eofspermin e. As sho wnin TableI, spe rmin e c o nte ntbe c a m e
lo w e rin Y P H499 cells c o ntain lng Y EpTI
'0 1tha nin Y P H 499c ells d∬ingthe c ultu r e
with 0.4 m M spe rmin e. A m uta nt withadis rupted TP Olge n ebe c a m e m o r e s e n sitiv e
to spe r minetoxiclty, S Othe strain w as c ult r ed inthepre s e n ce of O･25m M rathertha n
0.4 m M spe rmine. T he r e w asgr e ater a c c u m ulatio n of spe rmin ein the se m uta nt
Y T H 27-lc ellsthanin wildtype c ells. T he r e s ultsindic atethatTpolp c a nfu n ctio nto
e x cr etep61yamin e sas wellas othe r s ubsta n c e s[90-93]ata cidicpH .
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Fig. 6. Ex c r etio n a ctivity of [
14
qpa r aqtl at fr o m ye a st c ells. Ye a st c els
(Y P H499/Y CpT P O l, Y P H 499/Y Cp50a nd Y T H 27-1/Y Cp50) w e r epr elo aded wi仙
[
14
c]par aqu at asdes c ribed in ”Materials a nd MethodsH . T he a m o u nt of[
14c]par aqu at
pr elo aded in Y P H 49 9/Y CpT P O l, Y P H 49 9/Y Cp50a nd Y T H 27-1/Y Cp50w as175 土
23･4, 15 4土 10.3 a nd 15 2土 16.4 n m ol/mg pr otein, re spe ctiv ely. Ex c r etion activity or
[
14
c]par aqu atfro mthe se c ells w er e m e a s u r ed a sde s cribed in --M aterials and Methods‥.
◎
,
Y P H 499/Y CpT P O l;○ , Y P H 499/Y Cp5 0; A , Y T H 27-1/YCp5 0. Data ar e sho w n
a sthe m e a n土 S. E. oftriplic atedete min atio ns.
- 2 1-
TableI
Spe rmine c ontentin TP O lgene-transform ed andge neJ isr upted cells
Str ain
Spe 皿inein m ediu m Spe min e c o nte nt
(m M) (n m ol/mg pr otein)
Y P H 499ノY Ep35 1 0.4
Y P H 4 99/Y EpTP O 1 0.4
Y P H 4 99
Y TH27-I(Atpol)
64.6 士 2.9
28.4 士 4.1
0.25 40.6 士3.8
0.2 5 80.5 土3.5
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D ⅠSC U S SI O N
Itw a spr e vio u slyr epo rted也atthepolya min etr a n spo rte rTpolpisfわu nd on the
v a c u olar m e mbr a n e[84, 85]･ Ho w e v er, itha sbe e n repo rted r e c e ntly that Tpolpis ･
lo c ated o nthe plas m a m e mbr a n e[88]･ I c o nfirm edthe s e re s ults u sing a single- c opy
v e ctor･ Ho w e v er
,
s o m eTpolp w as als ofo und o nthe v a c u ola r m e mbr a n ewhe n
e xpre s sed u s lng a m ulti- c opyv ecto r･ Similar r e s ults w er e obtain edwithTpo2p, Tpo3p
a nd Tpo4p(data n otsho w n).
In apr e vio u s study[84],it w a s n ot bs e rv eda de c re as ein spe r min e c o nte tin
c els,byTpolp whe n c ells w e r e c ultu red inthepre s e n c e ofO･3 m M sper min e, n o rdid
theydete cte x c retio n ofspe rmin eA:o m c ellsby Tpolp u slng a nin vitro syste m. Thu s,
it w a s c o n cludedthat Tpolp wa slo c ated o n va c u ole s. In this study, I obs e rv ed a
de cr e as ein spe -in e c o ntentbyTpolp whe n c ells w e re c ultu r ed inthepr e s e n c e of 0.4
m M spe rmin ein ste ad of O･3 m M spe rmin e(TableI)andals othe e x c r etio n ofpa raqu at,
but n ot spe rmin e a nd spe rmidin e, in a nin vitro syste m. Whe n c ells ar e c ultur ed in a
highc o n c e ntr atio n ofspe rmin e, alarge a m o unt ofspe r min e a c c u m ulate sin c ells. As a
r e s ult
,
fre e spe rmin eprobablyln Crea S e S, a ndthe spe r min eisthe n e x c reted fr o m c ells
le adingtothe obs e rv ed de c re as ein sper min e c o nte nt･ Experim e nts de sign edto study
the e x cr etio n ofpar aqu at o rpolya min e s w er e c a血 ed o ut u slng C ells that bad be e n
pr elo aded fわr 90min withthe s e a min e s･ In this c a s e, the prelo aded spe Ⅱnine and
spe r midin e, but n otpar aqu at, pr obablybo u ndto a cidic s ubstr ates s u ch a s ribo s o m es[6,
7]･ This c o ulda c c o u ntfわrthe obs e Ⅳed exc r etio n ofpar aqu at a ndthela ck ofe x cretio n
ofpolya min e s･ T hu s,itis n o w cle arthatTpolp o ntheplas ma m embran eca nex cr et
- 23_
vario u s s ubstan c e s[90-93]in cludingpolya min e s. Thisisthe first r epo rt to show the
de c re a s ein spe r min efr o m c ells a nd effic e ntI e x c r etio n a ctivity ofthe polya mine
deriv ativ e,par aqu atfr o mcellsbyTpolp.
It w a spre vio uslyrepo rtedthat theE. coliputr e s cin etr a n sportpr oteinPotE ha s
putrescine uptake a ctivity as w ella s e x c retio n a ctivity[77, 7 9]. Thu s, Itho ught that
Tpolp might als obe ableto c atalyz epolya min etr a n spo rtin both dire ctio n s. In this
study,Isho w edthatTpolpc atalyzespolya min e uptake atpH m or etha n7 a nde x c r etio n
at a cidicpH･ Ifthetr a nspo rt activityof Tpolpis analogo u stothatof PotE, polya min e
uptake at pH m o retha n7 is probably depe nde nt o npr oto n m otiv efo rc e m ainly
c o mpo s ed of m embrane pote ntial, wher e a spolya min e e x c r etio n at acidic pH is
c atalyz ed by apolyamine- H
十
a nlipo rta ctivityof Tpolp･
_ 24_
C hapter2
Reguiatio n ofTpolp ActivitybyPho spho rylatio n
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I N T R O D U C TI O N
It ha v ebe e npr evio usly r epo rted that polyamin e uptake in S. c erevisia eis
r egulated bytheSe r/T hrprotein kin as e s, P T K佃olya min etra n spo rtkin as e)1and2[94, -
95]･ T hu s,Ite sted whetherTpolp, which m ainlyfu n ctio n s asthe e x cr etio npr otein of
polya min e s,is als o r egulated by pho spbo rylatio n o r n ot.
T her e ar e10 serine o rthre o ni epote ntialpho spho rylatio n r e siduesin the
hypothetic alcytopla smic r egions ofTpolp･ I in v e stigatedthe r ole ofpho spho rylation
o nTpolp a ctivity by u slng m uta ntPr Otein s which c arrylng ala nin ein ste ad ofthe se
s erin e orthr e o ni e r e sidu es and byu si ng ye a stStr ain sdeflCie ntinpr oteinkin as e s･ The
a ctivity of Tpolp w as 合血 a n ced by pbo sphorylatio nby pr otein kin a s eC a nd c asein
kin a s eI
,
a nd s o rting of Tpolp to the pla s m a m e mbr a n e w a s e nh an c ed by
pho spho rylatio nbyCA MP-depe nde ntpr oteinkin a s e sl a nd 2.
ー 2 7-
R E S U L TS
I m utatedthete nSer/Thrpote ntialpho spho rylatio n site sin Tpolpto ala nin e
r esidu e s(Fig. 7 A). The s e r e sidu e s w er ethot唱bt tobelo c atedin 也e cytopla s miclo op
regio n s ofthe Tpolp pr otein[85]. Re sista n c eto spermin eto xicity, m e as u r ed as c el
gr o wth in 也e pre s e n c e of 0.4 m M spe min einthe m ediu m, w as e x a min ed u sl ngthe s e
Tpolp m uta nts. As sho w nin Fig. 7B, r e sista n ce to spe rmine to xicityw as obser v ed
with wild-ty pe Tpolp, a ndthe m uta nts S8 A, S23 A, S72A, T 81 A, T 85 A, S 91Aa nd
S357 A
,
whe re as r e sista n c eto spe rmin eto7dcity w asgreatly redu c ed or abs e ntin the
S 19A
,
T52 A, a nd S3 42 Am uta nts.
Tbe uptake ofspe midin eby Tpolp m uta nts w as m e a s u r ed atpH 8.0 u s lng
c ellstr a n sfo r m ed with Y EpT P O lor Y EpT P O le n c oding the mutant Tpolp(Fig. 8).
In the S19 A, T5 2Aa nd S34 2Am uta nts, spe rmidin e uptake w a sde c r e a s ed. Sin c e a n
aspartate or gluta m ate r esidu e c a nfunctio n similarlyto aphospho rylated s erin e o r
thr e o ni e r e sidu es, I als o e x amin ed spe rmidine uptake activity of Tpolp m utants
c o ntain ing gluta m ate at thes epo sitio n s:S19 E, T 52 Ea nd S342 Em uta nts. The a ctivity
ofthe s e m uta nts w ashighe rtha nthat of wildtype(Fig. 8 A), c o n site nt withtheide a
thatpho spho rylatio n ofthe n ativ eSe r a nd Thr r e sidu es r egulate sthe a ctivity of Tpolp.
Essentiallythe s a m e r e s ults w ere obtain ed u slng TP O lge n edis r upted Y T H 27-1 c ells
tr a n sfo rm ed withthe sl ngle- c opy pla s mid Y CpT P O lo rY Cp5 0e n c odingthe m utated
Tpolp(Fig. 8 B).
- 28-
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Fig･ 7･ EJre ct ofputativ eSe r/T hrpho spho ry)atio nsite- m utatioJIS Of TP O lge n e o n
the r e sista n ce to spe rmin eto xicity･ A･ Putative pho spho rylatio n site s on Tpolp.
Protein kinas e s a cting o nthe putativ epho spho rylatio n site sindic ated bythe squ a r e
w e re sho w n
. Ito X II, putativ etra n s m e mbrane s egm e nt･ B, Y P H 49 9c ells ca rrylng
Y Ep351, Y EpT PO l, a nd Y Ep3 5len c oding m utated TP Olge n e swho s eputative
s erine/thr e o nie pho spho rylatio n sites w e r e m utatedto ala nine, w er e cultu r ed in the
abs e nce(0)a nd pre se n c e(＋)of O･4 m M spe rmin e. Cellgro wth w a s m o nito r ed by
m e a su rmg the abs o rba n c eat 540
■
n m . Data are sho wn a sthe m e a n of duplic ate
dete minatio n s.
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Fig･ 8. Spe r midin e tlPtake a ctivitie s of putativ e Se r/T hr pho spho rylatio n
site- m tla ntS Of TP O lge n e. A, Y P H4 9 cells c arrylng Y Ep3 51, Y EpT P O l, a nd
YEp351 e n c oding m utated TPO l gene s whose putativ e s erin e/thre o ni e
pbospborylatio n sites w ere m utatedto ala nine orglutam ate, wer e c ultu r ed andha Ⅳested
a sde s c ribed in the lege nd ofFig. 5. Spe midin e uptake activlty Was meas u r ed as
de s cribed in ”M aterials a nd Methods'T. Uptake a ctiv lty Of Y P H499/Y Ep351w as
s ubtr a cted from e a ch a ctivity of Y P H499c arryi ng TP O lo r m utated TP O lge n e s.
100 %v alu e ofspe midin e uptake a ctivity w as1.フ 士 O.10n m ol/mi〟mg pr otein. Data
ar e sho w n a sthe m e a nj= S. E. oftriplic ate dete rmin atio n s. B, Spe rmidin e uptake
a ctivity of TP Olge n e-dis rupted m uta nt Y T H 27-1 c ells c ar rying Y Cp50, Y CpT P O l,
a nd Y Cp5 0e ncoding the m utated TP O lge n e s w e r e m e as u red as d scri bed in A.
100 %v alue ofspe rmidin e uptake w a s0.3 8土0.08n m ol/min/mg pr otein
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Bas ed o n c o nse n s u s a min o a cids equ e n c e s, pho sphorylatio n of Se r
m
,
Thr52a nd
se r342 c a nbe c atalyz edby pr oteinki
･
n a seC
, cas einkin as e a ndCA M P-depe nde ntpr otein
kin a s e
,
re spe ctiv ely[96]･ In ye ag, there ar ethre ekinds of CA M P- depe nde ntpr otein
kin a s e[97], o n efbm ofpr otein kin a s eC[98], a ndtw o c as ein kin as e s[99]. Thu s, Ⅰ･
e x a min ed whichkin a se s ar ein v olv ed in activation ofTpolp u sl ng m uta ntsdefl Cie ntin
e a ch kin as e･ Fir st
,
r esista n c eto spe rmin eto xicity, m ea s ur ed as c ellgr o wthin the
pre s e n c e of O･4 m M spermin e, w a s e x a min ed uslng e ach kina s e-deflCie nt m uta nt
c arryl ngthe pla s mide n c oding Tpolp ln a m ulti-c op yv e ctor. As sho w nin Fig. 9,
spe r min eto xicitywas m arkedlyin cr e as edin a c a s ein kin a s e-deflCie nt m uta nt(Ayckl)
and intw o ofthe CAM P-depende ntpr otein kin a s e m uta nts(Atpkla nd Atpk2). Ale s s
血a m atic
,
but stillargein c r e a s ein spe r min eto xicity w as obs e Ⅳ edin aprotein kin as e
C-deficient m utant(Apkcl). The sper min eto xicity of Apkcl, Ayckl, a nd Atpkla nd
Atpk2m uta nts w as r elieved by YEpT PO l(S1 9E), Y EpT POl(T5 2E), a nd Y EpTP O l
(S342 E), r e spe ctiv ely(Fig･ 9), but n otby o也erTpolp m uta nts(data n ot sho wn).
T hes e r es ultsindic atethatpho sphorylatio n ofSer
19
,
Thr
52
a nd Ser3 42is catalyz edby
pr oteinkin as eC, c as einkin as e a ndCA M P-depe nde ntpr oteinkin as e, r e spe ctiv ely.
Sper midin e uptake a ctivityby Tpolp w asthen meas ur ed atpH 8.0 usl ngthese
m uta ntstr a n sfわr m ed withv ario us Y EpT P O lm uta nts. The uptake activity w asgre atly
inhibited inthe Apkcl, Ayckl, a nd Atpkla nd Atpk2m uta nts, a ndthe a ctivityof Apkcl,
Ayckl, a nd Atpkla nd Atpk2m uta nts w er e re c o v e r ed bytra n sfor ming Y EpT P O I(S19 E),
Y EpT P O 1(T 52 E)and Y EpTpol(S342 E)m uta nts, re spe ctiv ely,butn otbytr a n sforming
other m uta nts(Fig. 10). T he s e r e s ultsindicate that thr e ediffere nt type s ofprotein
kin a se(pr otein kin a seC, c a s ein kin as e a nd CA M P-depe nde nt protein kin a se) ar e
- 31-
in v olved inthe r egulatio n of でpolp a ctivityu nderthe s e e xperim e ntalc o ndito n s.
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Effe ct of spermine o n c ellgr o wthof the m tla ntS derlCie nt in pr otein
Ye a st str ain DL 100andits pr otein kin a s eC ge n e-dis rupted str ain, D L 376
(Apkcl)(A), ye a ststr ain L R B34la ndits c as ein kin a s ege n e,dis rupted str ain, L R B 264
(Ayckl) and L R B 265(Ayck2)(B), a nd ye ast str ain Y P H 499, its CA M P-depe nde nt
pr oteink inas ege n e-dis ruptedstr ain, Y K T724(△tpkl), Y K T 725(Atpk2)andL R Y 636
(Atpk3)(C)w e r etr a n sfo r m ed withthe plas mide n c oding wild-type TPOl or m utated
TP O lge n e sin a m ulti-c opyv ector a nd cultu r ed in Mg
2＋
-limited S Cm ediu m with 20
mg/1ofu ra cila ndL-histidin einthe abs e n c e(0)a ndpr e s e n c e(e)of O.4 m M sper min e.
Cel gr o wth w a s m o nitor ed by m e a s u n ngthe abs orba n c e at540n m. Data a re sho w n
a s the m e a n of duplic ate deter min atio n s. Whe n ye ast 105 60-2 B a nd its
CA M P-depe nde nt pr otein kin a s ege n e-disr upted str ain, L R Y 520(Atpkl), L R Y 592
(Atpk2), a nd L R Y 63 6(Atpk3)w er e c ultu red in the pr e s e n c e a nd bsen c e ofsper min e,
e s s e ntiallythe s a m e r e s ults w er e obtain eda sin(C).
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Fig･ 1 0･ Spe rmi din e tlptake a ctivity of the m llta nt deficie nt in pr otein kin a s e s.
Cells c arryl ngthe pla s mide n c oding wild-type TP O lo r m utated TP O lge n e sin a
m ulti- c op yv e cto r w e r e c ultur ed a sde s cri bed inthelege nd of Fig. 5, a nd ha rv e sted at
A540- 0･5･ Sper midin e uptake a ctivity of c ells c a rryl ng the v e cto rpla s mid w a s
s ubtr a cted fr o mthe a ctivity ofc ells c a rryl ngY EpT P O lo rY Ep m utated T P O l. 100 %
v alu e of sper midin e uptake a ctivity of the par e nt str ains of pr otein kin as eC
ge n e-dis r upted m uta nt (Apkcl), casein kin a s ege n e-disrhpted m uta nts (Ayckl a nd
Ayck2), a ndCA M P-depe ndentprotein kin a s ege n e-deficie nt m uta nts(Atpkl, Atpk2a nd
Atpk3) were Il j= 0･24, 1･7 土 0･19a nd l･5 土 0.2 7n m ol/min/mg pr otein, re spe ctiv ely.
Tr a n sporta say of Apkcl w a sperform ed inthepre s e n c e of 1 Ms o rbitol.
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T he s ubcelula rdistributio n ofthe TP O l- H A3 m uta nts W a s Studiedu slng TP O l
ge n e-dis rupted m uta nt Y T H 27-1 tr a n sfo rm ed with the si ngle- c opy Pla s mid
Y CpT POトHA3 m uta ntS･ T he s e e xpe rim e nts w er edesign edto ex a min ethe r ole of
pho sphorylatio nof Ser
W
, Thr
52
,
a nd Se r342inlo c aliz atio n of Tpolp･ As show nin Fig･
11
,
the Tpolp m uta nts S 19 Aa nd T52 Aw e relo c ated o npla s m a membr a n e, but the
m uta ntS342A w a slo c atedintr a c ellularly, pr obablyinthe e ndoplas mic reticulum ･ The
r e s ultsindic atethatpho spho rylatio n atSer
19
a nd Thr
52
e nha nce sthe activity of Tpolp
a ndpllO SPho rylatio n atSer
34 2
e nhan c e s s o rtingofTpolp &o m e ndoplas mic retic ulu mto
pla s m a m e mbr a n e･ Evide n c ethat cA MP･depe nde ntpr oteinkinas e sTpklpandTpk2p
a rein v olv ed in the s o rting ofTpolptotheplas ma m e mbr ane w a s also obtain edfr o m
the c ellular 1o c aliz atio n of Tpolp u sing ye a st m uta nts deficie nt in e a ch
CA M P-depe nde nt protein kin a s e. As sho w nin Fig. 12, s orting of Tpolp 舟o m
e ndopla s mic r etic ulu m to pla s ma m embra ne w as cle arlyde cr e as edin Atpkla nd Atpk2
m uta nts, but notin Atpk3m utant. Ho w ev er, Tpolp(S342E)waslo c ated o npla s m a
m e mbr a n ein the Atpkl a nd Atpk2 m utants, s upporting the po ssibilitythat
pho spho rylatio n of Ser
342by Tpklp a nd Tpk2pisimpo rtantfo rthe s o rting ofTpolpto
thepla s m a m e mbr a n e.
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Fig1 1l･ StLbc ell11a r lo caliz atio n of Tpolp m tlta TLtS dete rmin ed by
im Jn u n OfltIO r eS C eJt C emic r osc opy. Yea stTP O lge n e-dis rupted m utantY T H 27
-l c ells
c ar ryingthe plasmi de n c oding H A-tagged TP O l(Y CpTPOl- H A3) and its H A-tagged
7 POl m uta nts (S19 A, T52 Aand S3 42 A) w e r e c ultu r ed and im m u n oflu o re sc e n c e
mic roscopy w a s pe rfo r med a s described in the legend of Fig･ 4･ Differential
inte rfe re n c e c ontr ast(D IC, uppe rpa nds)and c o r re spo ndingfluo re sc e n c eim age s(Lo w e r
pa n els)are show n･ Sc alebar - 10ll m･
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Fig. 12. S11bc ellu]ar 1o c aliz atio n of Tpolp in CAM P-dependent pr otein k ha s e
geTL e-deficie nt m uta nts. T he CA M P-depe nde ntprotein kin asege n e-dis rupted m utants
(A申kl, AIpk2and ALpk3)a nd itspa r e nt str ain weretr ansform ed with YCpT P O1- H A3 0 r
Y Cp m utated T POl- H A3 a nd c ultu red a s de s cri bed in the lege nd of Fig･ 4, a nd
har v e sted atA540- 0.5. IrrL m u n Oflu ores c enc e mic r o sc opyw a spe rfo rm ed a sde scribed
in the lege nd ofFig. 4. D ifferential inte rfe r e n c e c o ntr a st(D IC, uppe rpa n els) a nd
c orre spondingflu o r e s c e n c eim age s(lo w e rpa n eLs)ar e sho w n. Sc alebar主10pm .
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Itha sbe e n r epo rtedthat c as einkin a se1-depende ntpbo spbo rylatio nis requir ed
for m e mbr an etr afrlCking ofPdr5pto plas m a m e mbr a n ein ye ast[100]. My r e s ults
indic ate that both cAM P-depe ndent pr otein kin a s e s1 a nd 2a r e n e c e s s ary fo the
c o mplete s o rting of Tpolp &o m e ndoplas mic r etic ulu m to pla s m a m e mbr a n e.
pho sphorylatio n siteby CAMP-depende ntpr oteinkin as e s1 a nd 2w as atSer
342
,
which
islo cated inthe cytoplasmiclo opbetw e nV Ia nd V IItr a n s m e mbr a n e s egm e nt(s e eFig.
7 A). P ho sphorylatio n ofSer
342
w a smimicked by Glu
342
. Thu s
,
n egativ e charge at
也ispo sitionisimporta ntfわr s o rtingof Tpolptopla s m a m e血br a n e. Thede丘cie n cy of
either CA M P-dependentpr otein kin a se1 o r2 e nha n c ed spe rmin eto xicityduring c ell
gr o wth a nd c a used the de c r e as ein spe r midin e uptake a ctivity. This s ugge sts that
fun ction of CAM P-depe nde nt pr otein kin as e1 w a s n ot fu 11y s ubstituted by
CAMP-dependentpr oteinkinas e2 a nd vic e v e rsa . Itis n otcle arthe e x actr ole ofthe s e
tw okin a s e s, butboth kin as e s m ay e xistin c ellsin alimitinga m o unt. So,they m ay n ot
c o mpen s ate e ach other･ It ha v ebe e npr e vio u sly r epo rted that polya min e uptake in
yeastis r egulatedbySer/T hrpr oteinkin a s e s, P T Kbolya min etr a n sportkin a s e)Ia nd 2
【94, 95]･ The a ctivity ofTpolp w a s n otinnu e n c ed bythe s etw okin a s es(data n ot
sho w n)･ T hlS, 也es etw okin a s e s ar e o nlyin v olv ed in tーhe polya min e uptake pr otein
r ather也 a ntb･epolya min e e xcretio npr oteinlikeTpo1p
- 38-
Chapte r3
Uptake of G A B Aa ndpⅦtr e s cin ebyUga4ponthe v act10la r m e mbr a n e
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ⅠN T ROD U C TⅠO N
A ge n e e n c oding atr a n spo rtpr oteinfr o mCbndida albic ans ha sbe e n r epo rted
[101]. This ge n e w asi olatedin a c o mple m e ntatio n e xperim e nt u sing a n omi thin e
de c arbo xyla s e- deficie nt(As.pel) strain of Sa cha romyc e s c e re wisia e･ T he pr otein
e n c oded bythege n e c o uldc atalyz早thetr an sportofGAB A(巾 min obutyric a cid)and it
w a s s uggestedthatthepr otein m ay c atalyz ethetr an spo rt ofo n e o r m o r epolyamin es･
As the protein e n c oded by the ge n e&o m C･ albic a n s sho w ed ho m ology with a
G A B A-spe cific tr a n spo rter encoded by the U G A 4ge n ein S. c e r e visia e[102], I
e x a min edthepr ope rtie s ofthe Uga4p protein. Ihave fo u ndthat the Uga4p pr oteinis
lo c aliz ed o nthe v a c u olar m e mbr a n e a nd it c an c atalyz ethe tr a nsport of G AB A a nd
putr e s cin e,butn otspe rmidin e a ndsper min e.
- 4 1-
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Uptake ofG A B Aa ndputre s cineby Uga4p
Uptake of G A B Aa ndpolya mines w a sm e asu r edu sl ng Y T M 22-8, apolya min e
tr a n spo rt-deficie ntstr ain[1 03], c o ntainingtheplas midY EpUG A 4, e n c odingthe Uga4p
tr a n spo rter, o ra c o ntr olpla s mid Y Ep352. As sho wnin Fig. 13, uptake ofG A B Aa nd
p山r e scine w ashigher in the strain c o ntain l ng Y EpU G A 4tha nin the str ain with a
c o ntr olv ector. YEpUGA4didn otaffectthe uptake ofspe rmidine andspe r min e. The
re s ults sugge st thatUga4pis atr a n spo rter of both G A B Aandputr e s cin e.
Kin etic par a m ete rs w er ethe ndeter min ed. As sho w nin Table II, the Km
v alu esfo rG A B Aa nd putr es cin e w e r e110a nd 685けM , r espe ctiv ely･ Uptake of
G A B A by Uga4p w a sinl1ibitedc o mpetitivelyby putr e s cin e, sper midin e a nd sper min e.
The K iv alu e sforputr e s cine, sper midin e a nd spe rminefo rG A B Auptake w e r e460, 290
a nd 29pM , r espe ctively. Putrescin e uptake by Uga4p w asinhibited by G A B A,
spe rmidin e a nd spe rmin e, a ndthe Kivalu e s were125, 4 10 a nd 3 .3pM , re spe ctiv ely.
The r e s ults s ugge st that spe rmidin e a nd spe min e ar er c ogniz ed by Uga4p, altho ugh
they ca n n otbe c o m e subtr ate s of Uga4p.
Fig. 14sho w sthe polya min e c o nte山s in whole c ells a nd va c u oles. W hen
ye ast Y T M 22-8 cells c o ntain lng Y EpU G A 4w e re culturedinthe prese nc e of0.5 m M
putr e s cin e,incr e a s einputr e s cin e 弧dspe midin e c o nte nts, butn otin sper min e c o nte nt,
in whole c ells a nd v auole s w a s obs er v ed c o mpa redto Y T M 22-8 c ells c ontain lng the
v e cto r･ Sper midine co nte nt w as m u ch higher tha n putr escine co nte nt･ M o st of
- 42_
in c r e a s ed putr e s cin e a nd sper midin ein c ells thr o ughputre s cin e uptake by Uga4p
a c c u m ulatedin v a c u ole s. The r e s ults s ugge stthat Uga4p ISlo c ated o n v a c u olar
m e mbr a n e r athe rtha n o npla s m a m e mbr a n e, a nd that c o n v er sio n ofputr e s cin einto
spe rmidin em ay o ccurinthe cytoplas mbefわr eputre s cin eistr a n spo rted into va c u oles.
- 4 3-
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Fig･ 13･ tJptake of G A B A( ), putr es cin e(B), spe rmi din e(C)a nd spe rmin e(D)
by polya minetr a n spo rtJderlCie ntstrain YT M 2 2-8c ar ryl ngY EpUGA4 o rY Ep352･
●
Ye a stY TM 2 -8 c ells c a rryi ng Y EpU G A 4orY Ep3 52w er e c ultur ed in M PM lm ediu m
in the presen c e of20 mg/1e a ch of adenin e s ulfate, 1e u cin e a nd tryptopha n, a nd
har v e sted･ at A540 - 0･5･ Uptake of [
1 4
c]G A B A(A), [
14
c]putrescin e (B),
[14c]spe rmidin e(C)and[
14
c]spe rmine(D)w er e m e a s u red asde s cri bed in 1 .M ate rials
a nd m ethodsH ･ ○ , Y T M 2218/Y Ep35 2; ⑳ , Y T M 2 2-8/Y EpU G A4･ Dataare sho w n
a s m e a n 士S･E. oftdplic atedete min atio n s.
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TableII
Dete rmination ofKm, Kia ndVm ax valu e s ofGA BAa ndputr e s cine uptakeby Uga4p
Km
a
Inl1ibitor Ki
a Vm a xa
(m M) (m M) (n m ol/min/
mg protein)
G ABA uptake
b
o･11土0･05
Putre s cin e 0.46土0.0 2
Spe r midin e 0.29d=0.OI
Sper mine 0.029土0.004
20.4士2.4
putre s cin e uptake
∂ 0･69士0･07
G A B A 0.13土 0.01
Sper midin e 0.41土0.03
Spe min e 0.033士0.002
2.3 土0.4
a The s e v alu e s w e re c alc ulted fr o mthe Lin e w e a v e r-Bu rk plots. Data ar e
sho w n as m e a n土 S. E. oftriplic atedeter min atio n s.
b ye a st y T M 22-8 c ells c a rryl ng Y EpU G A 4o r Y Ep352w e r e c ultu r ed a s
de s cri bed in the lege nd of Fig. 13. Activitie s of [
14c]G A B Auptake a nd
[
14c]putre scin euptake w ere measur edby cha ngingthe G A B Ac o n c e ntr atio n(0.025to
0.4 m M)a ndthe putre s cin eco n c e ntration(0.5to 2.0 m M), r e spe ctiv ely,in the abs en c e
a nd pr e s e n c e ofputr e s cin e, spe midin e, spe r min e o rG A B A･ Uptake a ctivitie s of
Y T M 22-8/Y Ep352w e r e subtr a cted fr o mthe a ctivitie s of Y T M 22-8/Y EpU G A 4.
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W hole c ells Vac Ⅶoles
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Fig. 14. Polyamin e c o nte nts in whole c ells a nd v a c u ole s. Ye ast Y T M 22-8 c ells
carryl ng YEpU G A 4o rY Ep352w e r e c ulturedin M P M lm ediu m with 20mg/1e a ch of
ade nin e s ulfate
, 1e u cine a nd tryptopha nin the pre s e nce of O･5 m M putre s cin e, a nd
haⅣ e sted at A54 0 - 0･5･ Polya min e c o nte nts in whole cells a nd v a c u oles wer e
m e a s u r ed asdescri bed in”M aterials a nd MethodsTr a nd sho w n a s n m ol/mg pr otein of
whole c ells･ Data ar e sho w n a s m e a n 土S･ E･ oftdplic ate dete min atio ns. □ ,
Y T M 22-8/Y Ep3 52;? , Y T M 2 2-8/Y EpU G A 4.
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Cellula rlo c alizatio n ofUga4p
Toide ntifythe c elularlo c aliz atio n ofUga4p,Istudied the effe cts ofa zide, a n
u n c o upler ofthe r e spir ato ry chainin mito cho ndria, a ndofbafl omycin Al, a SPe Cific
.
inhibito r ofv a c u olarH
＋
- A T Pas e[1 04】. I m e asur edtheir effe cts o n uptake ofGA B A
a nd Ni2
＋
u sing O DC-deflCie ntye ast Y 363c els(Fig. 15). Ni
2＋
uptake, whichis
catalyz ed by Mg
2＋
tr a n spo rterAlrlp o npla s m a m e mbr a ne[105], w a s m e a s u r ed a s a
co ntr olwithY 363co ntain ingtheplasmi d YEpAL Rl･ Uptake of Ni
2＋
w a sinhibited by
*
a zide, but n otbybafilo mycin Al. Uptake ofG A B Awith Y363 c ells c o ntaini ngthe
plas midY EpUGA 4w asinl1ibited by both a zide a nd bafilo mycin Al. Thes e r e s ults
s uppo rta nide athatUga4pislo c atedo nthe v a c u olar m e mbr an e.
To c o nfir m that Uga4p is a v a c u ola r m e mbr an epr otein, thelo c aliz atio n of
Uga4p w asdete r min ed by indir e ctim m u n ou o r e s c e n c e mic r o s c opy u sing a n H A
epitope-tag ged c o n str u ct, Y EpU G A 4- H A3. As sho w nin Fig. 1 6, str o ngnu or e s c e n c e
w a s obse rv ed o n v a c u ole s of Y 3 63c o ntain l ng the plas mid Y CpU G A 4- H A3 and
Y EpU G A 4- H AS, but n ot o n v a c u ole s of Y 363c o ntain l ngthe c o ntr ol v e cto rY Ep352.
Uptake ofGA B Aa ndputr escinein c els expres slng Y EpU G A4- H A〕 W a s V e ry Simila r
tothatse e n with Y EpUGA 4(data n otshown).
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Fig･ 15･ Effect ofa zide a nd bafilo mycin AI O nthe tlPtake of G A B A bytJga4p(A)
and N i2'byAlrlp(B)･ (A)O D C-defl Cie ntyeastY3 63c ells c ar rying Y EpU G A 4o r
Y Ep3 52we re c ultured in M P M lm ediu min the pre se n c e of 20mg/1histidin e, a nd
harv e sted atA540 - 0･5･ Uptake of[
14
c]G A B Aw a s m e as u red in the abs e n c e(ope n
c olu m n)andprese n c eof1 m M s odiu m a zide(hatchedc olu m n)a nd 50pM bafl o mycin
Al(bla ck colu m n)as de s c ribed in tlM aterials a nd Methods1. e x c ept that c ells w e r e
pr e-in c ubated with inhibito rsfor3 0minin ste ad of 5min･ Activity of Y 3 63/Y Ep352
w as s ubtr a cted fr om the a ctivity of Y 363/Y EpU G A 4･ The lOO %v alu eis 17.2
n m ol 血in/mg pr otein･ (B) Ye a st Y 363c ells c arrying Y EpA L R lo rY Ep35 2w e r e
c ultured a sde s cribed above
,
a nd ha rv e sted at A540 - 0･5r Uptake of
63N iC12 W a s
m ea stlr ed a sde s cribedin ' 'Materials a nd Methods''･ Uptake a ctivity of Y 363/Y Ep352
w as s ubtra cted &o m the a ctivity of Y 363/Y EpA L R l･ The lOO %v alu e･is 7.9
n m ol/miIJmg pr otein･ Data ar e sho w n as mea n士 S･ E･ oftriplic atedete rmin atio ns.
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Fig･ 151 Subc elltda rlo caliz atio n of tJga4p dete rmin ed by iJTlm tln Of)u o r e sce n c e
mic r o sc opy･ O D C-deficie nt yea st Y 363 c ells c ar rylng Y CpU G A 4
- H A3,
y EpU G A4一 且A3 0 r Y Ep35 2w ere c ultu r ed in M P M lm ediu m with 20mg/1 hlStid ine,
a nd ha rv ested atA540- 0.5. Indire ctim m um oflu ore s c en ce micr o sc op yw a spe rfo rm ed
as de s cribed in ‥ M aterials and Methods
”
. Differential interfere n c e c o ntr ast (uppe r
pa nds) and corr e spo nd ingfLuo r e s cpnceim age s(lo w e rpa n els)a r e sho wn･ Sc ale ba rs
- 10llm .
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Indu ction ofU G A 4mR N A by G A B A
I next tested whether U G A 4m R N A is nduc ed by G A B Aa nd putr es cin e.
No rthe mblot a n alysts W as C amied o ut u singtotal R NA is olated fr o mY 363/YEpU G A 4
c els c ultur ed in the abs e n c e a ndpre s e n c e of G A B Ao rputrescinefor12h･ Assho w n
inFig. 17A, U G A 4mR N Aw asindu c ed by G A B A,butnotby putr escin e･ T hele v elof
UGA 4m R N Aofc ells c o ntain ingY EpU GA4 w as about5-fold higherthanthat ofc ells
c o ntainingthe v ecto rY Ep352(data n ot sho w n). As a c o ntr ol, the le v el ofACTl
mRNA, enco血nga ctin 1, w as m eas u red. It w as notcha ngedby GABA andputr es cine.
Whe nc ells w er e c ultu r ed inthepr e s e n c eof GAB A,both G A B Aandputre scin e uptake
a ctivitie sw er e e nhanced
,
c onfirmingthat theinduc ed UG A 4mRN A is 伽皿Ctio nal(Fig.
17 B).
Ejfectofpuirescine o ngro wth ofan O D C-dejicie ntstrain
Experim e nts w e r e c arried o ut to determin e whethe rputr escin e stim ulate s
gr o wth of a nO D C-deflCie nt Y 363str ain e xpr e s sl ng Uga4p. Fo rthe s e e x.perim e ntsI
u s edc ells c o ntain ingY EpU G A 4or, as a c o ntr ol, c ells c o ntainingY Ep35 2. As sho wn
inFig･ 18, c ellgr o wth at24 血w a s stim ulated by1- 2 m M putr e scin ein cells e xpr es slng
Uga4pto agr e ater e xte nt tha nin c o ntr olc ells･ The r es ults s ugge st thatso me po rtio n
ofputr e scin etr a n spo rted into c ellsis c o n v ertedto spe rmidin e, staysin cytopla s m, a nd
that cytopla s mic spe rmidin e stim ulate sgr o wth ofthe O D C-deflCientstrain.
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Fig. 17. IndtlCtio n of U G A 4mR N A by G A B A(A) and inc r e a s ein G A B Aa nd
ptltre S Cine uptake a ctivitythr otlgh itsindu ctio n(B)･ (A)Y T M 22-8 c ells ca rying
Y EpUG A 4w ere c ultu r ed in the abs e n c e a ndpr e s e n c e of3 m M putres cin e or 1 m M
G A B A fo r12h. No rthe mblota n alys ts Of U G A 4a nd A C TImR N Asw a sperfor m ed as
de s cribed in ”M aterials a nd Methods- -. (B)The a ctivitie s of G A B Aa nd putr e scine
uptake w e r e m e as u red sl ngthe c ells c ultur edin the abs e n c e a nd pr e s e n c e of 1m M
G A B A. Data a re sho w n a s m e a n士 S. E. oftriplic atedete min atio n s･
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Fig･ 18･ E ffe ct ofptltr eS Cin e o n c ellgro wthof O I) C- derlCient ye a st Y 3 63c ells
●
car ryl ng aPla smi de n c odingthe U G A 4ge n e･ YeastY 3 63c ells c arrylng Y EpU G A 4
or YEp352w er e c ult red in M P M lm edium with20mg/l histdin ein the abse n c e of
putre s cin efわr 48 h･ The n, c ells w e rein o c ulated at the de n slty OfA54 0 - 0.02a nd
cultu red in the abs e n c ea nd pre s e n c e of 1o r2 m M putr e scin efo r24 h. Data a re
sho wn a s r atiotothe c ell den sityc ultu red inthe abs.e n c e ofputre scin e a nd a s m e a n 土S.
E･ of triplic ate dete rmin atio n s･ Ope n c olu m n, n o n e; hatched c olu m n, 1 m M
putre s cin e;black c olu m n, 2 m M putr e scin e.
- 5 2-
D ⅠS CUSSION
It is kn o w nthat Uga4p c atalyz esthe tr a n sport of G A B A, which is ableto
s upportc ellgr o wthasthe s ole nitr ogen sou rce[106]. lnthis study,IfoundthatUga4p
als o c atlyz e sthetr a n sportofputr escin e, which is es sentialforthegrowth ofe ukaryotic
c ells. Sinc e Uga4p w a slo c ated o nthe v act1 0lar m e mbran e rathe rtha n on plas ma
m e mbr a n e, kin etic par a m eter sdetermin ed by uptakeinintact c ells m ay n otdirectly
r ene ct the pr ope rtie s of Uga4p. Ho w e v e r, Ijudgedthatthein cr e as einthetr a n spo rt
a ctivitywithintact c els by Uga4p r e凸e cts the in c re a sein the tr a n spo rt activity by
v a c u ole s. The appa r e ntKm v alu e s ofUga4pfo rG A B Aandputr e scin e w er e si mi lar
(0.Ito0.7 m M),indic atingthatboth G A B Aa ndputre scin e c a nbe effTe ctiv elytake n up
into c els. Ho w e v e r
,
e xpre ssio n ofthe U G A 4ge n e w a s o nlyi du c edin thepr e s e n c e of
G A B A
,
as r epo rtedpr e vio u sly[107]. Thu s,thele v elof Uga4pis m or e clo s elyr elated
to the le v el of G A B Athan ofputr es cin ein c ells. It ha s als obe e n r epo rtedthat
e xpres sion ofthe UG A4ge n eis e nha n c ed ata cidicpH[108], sothat the r ole of G A B A
andputr e s cin em aybe m o r eimpo rtant at a cidicpH. Itsho uldbe n otedthat spermin e
a nd spe midin e ar e str o r唱 inhibito rs ofthe Uga4ptra n spo rter. Itis pr esu m edthat
Uga4pre c ogn l Z e Sthe a min opr opylgr o up ofpolya min e s, but spe midin eand spe mine
ar eto obulky to be tr a n spo rted. Spe min e a nd spe midin e ar etake n up into c ells
thr o ugh diffe r e nt tr a n spo rte rsfro mUga4p, a ndthe s epolya min e s m ay pa rtlys ubstitute
fo rthe fu n ctio n s of G A B Aa nd putr e s cin ein c ells. T he s e re s ults infe rthat the
c o n c e ntratio n s of G A B A
,putre s cin e, spe midin e a ndspe min e ar e elabo rately regulated
inye a st.
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It w a s s u rpn slngtO findthat Uga4pis a v a c u ola r m e mbr a nepr otein. Sin c e
thelev els of bothputr es cin e a ndspermidin e w e rein c r e a s edin c els e xpre s slngUga4p, a
s ubstantial c o n v e rsio n of putr e s cin eto spe midin e is presum ed to o c c u rin the
cytoplas m be c a u s ebio synthetic e n zyme s ofspe rmidin efr o mputr e scin e e xistin the
cytoplas m･ Itisimpo rta nt toide ntifyGABA a ndputr es cin etr a n sportpr otein(s)o nthe
pla s m am e mbr a n eto u nde rsta nd the m e cha nism of m ainte n a n c e of G A BA a nd
putr e s cin einthe cytopla s m･ In th is c o ntext, ge n e r al min o a cidper m e ase(Gaplp)or
pr olin epe rm ea se(Put4p)m ay fun ctio n a splasm a m e mbr a n etr a n sporters fo rGA B A
a ndputre scin e【109].
W ith regard to putre s cin e tr a n spo rter s o nthe v a c u olar m e mbr a n e, it w as
alr e ady r eported that Tpolp a nd Tpo4p c an catalyz ethe uptake ofputre s cin einto
v a c u ole s[85]･ Ho w e v er, Tpolp and Tpo4p arefo u nd o n v a u ole s o nly whe nthe s e
protein s ar e e xpr e s s ed 丘o m m ultic opypla s mids, a nd ar e n o r m allylo c alized o npla s m a
m embr an e(r ef･ 88a ndres ultsin Chapte r1). Thu s, putre s cin e conte ntin v a c u ole s
under n o r m al c o ndit o ns m ay be r egulated by Uga4p･ In ge n er al, tr a n spo rte rs o n
va c u olar m e mbr a n eplayImpo rta ntr ole s o nthe m ainte n an c e ofv arious s ubsta n c e s s u ch
a spolya min e sin the cytopla s m･ Itis of inter e st to kn o w what kinds of sign als
dete -in e也e de stin atio n of m e mbr a n eprotein into pla s m a me mbr a n e or v a c u olar
m e mbr ane.
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C hapte r4
Uptake ofputr e s cin e a ndspe rmidin ebyGaplp
o n蝕epla s m a membr a n e
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ⅠN T R O D 町C TION
I sho w ed G A B A tr a n spo rt pr otein, Uga4p, c a n c atalyze the uptake of
putr escine in Chapter3･ In S･ c e r evisia e, G A B Auptake ha sbe e n r epo rted to be
c atalyヱed bythr e etr a n spo rte rs, Uga4p, ge n er al amin o a cidpe r m e a s e, Gaplp a nd
pr olin eper m e as e, Put4p[109]. Sol e x a min edthe polyamin etra n spo rt a ctivitie s of
Gaplpa ndPut4p.
I ha v efo u ndthatGaplpc atalyz edthe uptake ofputre s cin e a ndspermi din e a nd
that spe r midin e a nd basic amin o acids had alm o st the s a m e affinity
･fo rGaplp･
Put4pdidn otaffe ct the uptake ofpolyamin es u nder the e xperim e ntalc o nditio n s･ It
hasbee n repo rted that Gaplp IS aPla s m a m e mbr a n epr otein･ This w a sco nfir m ed
u slng Gaplp-E G F Pfusio npr otein･ T he GA Plm R N Awasindu c ed by putr e s cin e,
spe rmidin e and spermin e･ Thisis thefirstr eportOfpoly amin e uptaketr a n spo rter o n
pla s m a m e mbran ein e ukaryote s･
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R E S UL T S
Uptake ofputr es cine a ndspermidineby Gaplp
Uptake ofpolyamines was mea s u red u s lng Y P H 4 99c ells c o ntain ing the
plas mid Y EpG A P le n c odingthe G年plptranspo rte r, o rthe c o ntr olv e cto rY Ep352･ As
sho w nin Fig. 1 9A, uptake ofputr escin e a nd sper midin e w a shigherin the str ain
c ontain i ngY EpG A P lthan inthe str ain witha c o ntr olv e cto r･ Y EpGA P ldidn ot affe ct
the uptake ofspe r min e. Uptake ofpolyamine s w a sthe n m e a s u red u singthe G A P l
ge ne-dis rupted m uta nt･ Assho w nin Fig･ 19 B, uptake ofputr e s cin e a nd sper midin e,
but n ot spe rmin e, decr e as ed in the GAPl gen e-disrupted m uta nt c ompared with its
par e nt strain. The r esults sugge st that Gaplp IS atr a n spo rter Of putr es cin e a nd
spermidinetogether with itspr evio u sly de s c ribed a ctivity as atr a n spo rte r ofv ario u s
a mino acids.
K ineticpar a m eter s w e reth ndete rmin ed. As sho w nin Table m ,the Km a nd
Vm a x v alues forputre s cin e a ndsper midin e w er e39 0a nd 21トLM , a nd 4.6 a nd 0.59
n m ol/min/mg protein, re spe ctiv ely･ The Kiv alu e sfo r spe rmi din e, spermin e, lyslne,
arginin e, a nd histdinpforinhibito n ofputr e s cin e uptake ra ngedfro m 7･7 to 35LLM ･
E.!
TheK iv alu e sfo rinl1ibito n ofspe rmi din e uptakeby putr e s cin e a nd spe rmin e wer e3 30
a nd 4.6 LIM , re spe ctiv ely･ 0 mithin e a nd G A B Aalso inhibited putres cine uptake.
Spe r min ebeca m e a ninhibito r, but n ot a s ubstr ate, of Gaplp. Th?se res ultsindicate
thatspe rmi din e a nd basic a min o a cidshadalm ost the s am e affintyfo rGaplp.
Polya min e c o nte tsin whole c ells w er ethe ndete mined. Since Gaplp als o
- 58 -
tr a n spo rts v a rio u s amin o a cids, c ells w
.
e r e c ult redfo r1h in thepr es e n c e of O･5 m M
putr e s cin e o rO･1 m M sper midin ebyde cr e asl ngthe c o n centratio ns ofa min o a cidsto
o n ethird. As sho w nin Figs. 20 Aa nd 20 B, the ac cu m ulatio n ofputrescin e o r
sper midin ein c ells by Gaplp w a s obs e r v ed･ The r e s ults c o nfir m edthat Gaplp ca n
catalyz ethe uptake ofputr e s cin e a ndspe r midin e･
Yea stc ells were also c ultu redin thepr es e n c e a nd bs e n c e of60 m M putr e s cin e
with the CSD c o ntain i ng5-folddiluteda min oa cids. Assho w nin Figs･ 21a nd 22, c ell
gr o wth w a sinhibitedthr o ughov e r ac c u m ulatio n ofputr e s cin e･ Ifc els w er e C ultu r ed
with n or m al C S D
,
inhibitio n ofc ellgr o wth by 60m M putr e s cin e w a s n ot obs e rv ed
(data n ot sho w n). The r e s ults indic ate that Gaplp re c ogniz e sboth putre s cin e and
a mino a cids.
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Fig. 19. tJptake of polyamin e s by Gaplp ove rpr odu cing (A) and G A P l
gen e-dis r tlPted (B) cells. Uptake of [
14
c]putr e s cin e, [
14
c]spermi din e a nd
[
14c]spermine w asm e asured a sdes c ribed in ''Materials a nd Methods” . A . 8 ,
Y PH49/Y EpGAPl; 0 , YP H49 9/YEp352. B. 0 , G A Plge n e-dis rupted m uta nt of
Y PH49; 0 , Y PH 499. Data ar e sho w n a s m e a n sj= S. E. of triplic ate
dete minations.
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TableIⅠ‡
Determin atio n ofKm a ndKiv alu es ofputres cine a ndsper midine uptakeby Gaplp
substrate K m (pM)
a Vm a x Co mpetito r Ki(pM)
a
(n m ol/min/mg
pr otein)
a
Putres cin e 390 土 17 4.6 土 0.38 Spe rmidine
Spe min e
Argimin e
G A B A
Histidin e
Lysin e
0mithin e
Spe r midin e 21 土 4･4 0･59 土 0･16 Putre s cin e
Spe min e
24 土 3.5
7.7 土 1.7
26 土 7.9
63 土 14
30 士 12
35 土 11
87 土 23
330 土 23
4.6 土 1.5
a The s e v alu e s w ere c alc ulated fr o mthe Lin e w e a v e トBu rkplots.
Data a re sho w n a s m e a n s土 S. E. oftriplic ate dete rmin atio n s. Ye ast Y P H 499c ells
c ar ryl ngY EpG A PlorY Ep3 52w ere c ultur edasde s cri bedin
HM aterials a nd MethodsTf
,
a nd[
14c]putr e s cin e o r[
14
c]spe r midine uptake w as m e a s u r ed･ Uptake a ctivity of
Y P H 499/Y Ep352w as s ubtr a cted&o mthatofYPH 499/YEpG A P1I
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Fig･ 20･ Polya min ec o nte ntsin whole c ells･ Polyamin e c o ntentsin whole c ells w e re
m e a s ur ed a sdescribed inーー M ate rials a nd Methods= ･ ヰ
,
Y PH499/Y EpG A Pl; □ ,
Y P H 4 99/Y Ep35 2･ Data ar e sho w n a s m e a n s 土S･ E･ oftriplic atedete rmin atio n s.
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Fig･ 21･ E ffe ct ofptltr e S Cin e o n c ellgr o wthof Gaplp
- o v e rpr odtl Cing c ells･ Cells
w e re cultu r ed in the pr e s e n c e o r absenc e of 60m M putre s cin e, a nd c ellgr o wth w a s
m o nitored by m e as u n ng the abs o rba n c eat 540n m･ ◎ , Y P H 4 99/Y EpG A P l; 0 ,
Y P H499/Y Ep35 2･ Data ar e sho w n asthe m e a n of duplicatedetermin atio n s･
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Fig･ 22･ Polyamin e c o nte nts in whole c ells c ultur ed wi th 60m M putr es cin e.
Polya mine co ntentsin whole c ells c ultu r ed with o r witho ut 60m M putr es cin e w e r e
m e a s ured a sde scri bed in HM aterials a nd Methods‥ ･ Jb
,
Y P H 499/YEpG A Pl; □ ,
Y P H 4 99/Y Ep352･ Data sho w n a sm ea n sj= S･ E･ oftriplic atedete rmin atio n s.
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Cellula rloc aliz atio n ofGaplp
Itha sbe e n r epo rtedthat G叩1pisloc ated o ntheplasm a m e mbr a n e[l10, I11】.
To c o nfir mthis
,
thelo c aliz ation ofGaplp w a sdete rmined bynu o r占s c e n c e mic r o s c opy ･
u sl ng Gaplp - E G F Pfu sion protein. As sho w nin Fig. 23, str o ng nu o r e sc e n c e w a s
obs e rv ed o nthe pla s m am embran e as w ella sendopla s mic r etic ulu m ofc ells[111]
c o ntainlng PSGA P トE GFP, but n otin c ells c o ntainingthe c o ntr ol v e cto rpAU R l12.
Uptake ofputr e scin e a nd spe r midin ein c els e xpr e s sing Y EpG A Pl- E G F Pw as similar
tothat obs e rvedwith YEpG A P1(data n otsho w n).
To c o nfl rm that Gaplp do e s n ot e xist o nthe v a c u olar m e mbr an e, I n e xt
c o mpar edthe efe ct ofa zide, an un c o uple r ofthe r e spir atory chain in mito cho ndria,
withthat of bafl o mycin Al, a spe cific inhibitor of v a c u olarH
＋
- A TPas e[104]. As
sho w nin Fig. 24, putr e scin e uptake w as str o ngly inhibited by a zide, but n ot by
bafilo mycin Al. The r e s ultsindic atethat Gaplpislo c ated o nthe plas m a m e mbr an e,
butn oto nthe v a c u olar m e mbr a n e.
Indu ction ofG A P lmR N A by polyamin e s
Ine xt te sted whethe rG A Pl m R NA isindu c ed by polya min e s. No rthe mblot
a n alysis W a s C arried o ut u sl ng total R N Ais olated fr o m c ells c o ntain l ng Y EpG A PI
c ultu red in the abs e n c e o rpr e s e n c e ofp lya min esfわr 12 h. As sho w nin Fig. 25,
G A PlmR N Aw asindu c ed byputre s cin e a nd sper midin e. Altho ughspe r min edidn ot
be c o m e a s ubtr ate fo rGaplp, G A P lm R N Aw a s als oindu c ed by spe rmin e. As a
- 65-
co ntr ol
,
thele v elof A C TlmR N A, e n c odingactin1, w as m e a s u r ed. It w a s n otalte r ed
by polya min e s. T he r e s ultsindic atethat G A Plm R N Aw a sindu c edby all kinds of
polyamin e s r egardle ss ofwhetherthey w ere a s ubstr ate o r n otfo rGaplp.
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Fig. 23. StLbc ellⅦ1ar1ocalizatio m of Gaplp. Ye a st c ells(Y P H 499/psG A Pl- E G FPo r
Y PrI499/pA U Rl12) w e re c ultu red a s de s cri bed in
ーーMaterials a nd Methods” a nd
ha rv e sted at A540 - O131 Fluore scen c e mic r o sc opy w a sperfo r m ed a sde scri bed in
1TM aterials a nd Methods”
,
a nd flu o r e s c e n c eim age s(upper pan els) and differential
interferenc e c o ntr ast(D IC,lo w e rpa n els) ar e sho w n. Sc aleba r - 10p m .
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Fig･ 24･ Effe ct ofa zide a nd bafilo mycin AI O nthe tlPtake ofputr es cin eby Gaplp･
uptake of[
14c]putr escin e was m e as u red inthe abs e n c e(ope n colu m n)a ndpr e s e n c e of
1 m M s odiu m azide(black c olu m n)a nd50pM bafl o mycin Al(hatched c olu m n)as
de s cri bed in HM aterials and Methods= e x c ept that cells w e r epr e-in c ubated with
inhibitor sfor3 0minin ste ad of5 min･ Activity ofYP H4 99/Y Ep3 52w as s ubtr a cted
fr o mthe a ctivity of Y P H 499/Y EpG A P l･ T he lOO %v alu eis2･3 i O･50n m ol/min/mg
protein･ Data ar e sho w n as m e a n s土 S･ E･ oftriplic at己deter min atio n s.
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Fig. 25. Indu ctio n of G A Plm R N A bypolyamin e s. Y P H 499/Y EpG A P Ic ells w e re
c ultu red inthe abs e n c e a ndpr e s e n c e of 20m M putre s cin e, 1 m M spe midin e o r0.1 m M
spe rmin efor12h. No rthe mblota n alysis Of G A P la nd A C Tlm R N As w a sperfo m ed
a sde s c ribed in - -Mate rials a nd Methodsl- .
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DIS C tTS SI O N
It hasbe e n r eported that glypIC a n-1 is a v ehicle forpolya min e uptake in
m a m m alin cells[81]･ Ho w e v er, ther ehasn otbe en a ny de s criptio n ofa polya min e
uptakepr otein o nplas m a m e mbr a n ein e ukaryote sthu sfar･ T hisisthe flrStr epo rt Of
theide ntific ation, at the m ole c ula rle v el, of a polya min e uptake pr otein(Gaplp)o n
pla s m a m e mbr a n ein eukaryotes, altho ugh Gaplp ca n als o re c ogn l Z e V ario us a min o
a cids[111]･ The Km v alu e sfo rputr e s cin e a nd spe rmidin e w e r e3 90 a nd 21pM,
re spe ctiv ely･ As for putr e s cin e uptake, Uga4p o n va c u olar m e mbr an e c an c atalyze
putr e s cin e uptake together with G A B A(Chapter 3). T he appar e nt Km v alue for
putre scin e w a s685LIM ･ The r efo r e, it s e e m sthatputr es cin etr an spo rted into c ellsby
Gaplp c anbindto riboso m e s a nd mR N As befo r eputres cin eis a c c u m ulated in v a c uole s.
The r e w as slgnifC a nt uptake ofputr e s cin e a nd spe rmidin e e v e n witho ut e xpr esio n of
Gaplp(Fig･ 19 B)I The r e s ults s ugge st that the reis a n othe rpolya min etr a n spo rterin
ye a st･ Such atr a n spo rter maybe abletotake up spe rmin e with lo w efflCie n cy･ T hu s
ide ntifi c atio n ofa spe ciflCPOlya min etr a n spo rte r o nplas m a m e mbr a n eis r equir ed･
Thetotal a mino a cidc o n c e ntr atio ninthe cultu re m ediu m w as appr o xim ately
20m M in clud ing O･13 m M e a ch of Arg a nd His, a nd O･16 m M Lys･ Thu s, the
a c c u m ulatio n ofputre scin e o r spe rmidin ein cells- in m ediu m c o ntainlng O･5 m M
putr e s cine o rOl m M spe r midin e w a s o nly obs erved in m ediu m c o ntaining a 3-fold
dihtio n of amin o a cids･ This w as rea s o n ablejudging fr om the K m valu e s of
putr e s cin e a nd spermidin ea ndthe Kiv alu e s ofvario u s amin o a cids fo rGaplpI The
r e s ults s uggest thatGaplp fun ctio n s a s apolyaminetr a n spo rter whe nthe c o n c e ntr atio n
- 70-
ofamin o a cidsin the m ediu mis r elativ elylo w(les sthan5 m M)･
G A PlmR N A
,
but n ot UGA 4m R N A[1 12],isinduc edby polya min e s. As
Tpolpto Tpo4p, whose mR N Asa re als oindu c edby polyamin e s[85], c a n effe ctiv ely
e x c rete polya min e s(Chapter 1), the optim al polyamin e c o nte tin ye ast m ay be
m aintain ede v e nif GAP lm R N A is ndu c ed by polya min e s:i. e ･ ov era c c u m ulatio n of
polya min e sdu etoin cr e as edpolya min e uptake m ay be e a silyre sto r edtothe optim al
le v elbye x cr etio n ofpolya mines withTpolpto Tpo4p･
Indu ctio n of GA PlmRN A was obs e rv ed in the pr e s e n c e of putr e s cine,
spe rmidin e o r spe r min e;the latte r was not a s ubstr ate of Gaplp･ The degr e e of
inductio n w a sin the o rde r spe rmine > spe r midin e > putr e s cin e･ Effe ctiv e
co nc e ntratio nfわrthe stim ulatio n ofpr otein synthesis w a s als othe s a m e o rde [30】･ In
their abilityto stim ulatepr otein synthe sis, 1 m olofsper min eis equiv ale nt to4 m olof
spe r midin e and 100 m ol ofputr e s cin e[30]･ Thu s, indu ctio n of G A P lm R N Am ay
depe nd o nthe effe ctiv epolya min e c o n c e ntr atio nin ce11s･
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Chapte r5
M ate rials a nd Methods
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Ye a stStr ain s a nd Cultu r eCo nditio n s
Sa c cha r o myc e s c e r e visia e str ain s u s ed in this study ar elistedin Table IV.
B Y 474lstr ain w aspu rcha s ed &o m A m eric a nType Cultu reColle ction (A T C).
The s e str ain s w er e cultur ed a e r obic ally at30
oCin m edium d占sc ribedbelo w. All
m ediu m e x c eptforYPD m edium were supple m e nted with20mg/Iade nin es ulfate,
2 0mg/lur a cil, 20mg/1histidin e, 30mg/I le u cin e, 3 0mg/11ysl n e a nd/o r20mg/l
tryptopha n a c c o rdingtothe r equlr e m e nt Ofye a ststrain s. W he nDL376a nd D L IOO
str ain s w er e c ultu r ed, 1 Ms o rbitolw a s added.
YP Dm ediu m
D iss olv ethefolo w l ng m aterialsin960mlofw ater:
Ye aste xtr a ct 10g
Polypepto n e 20g
lfu s ed as s olid m ediu m
,
2 % ofpu ri免ed agar w a s added. Solutio n w as
a uto cla v ed fo r20min at120oC a nd 40mlof 50% D -gluc o s e w as added.
SDm ediu m
Dis solv ethefbllo w lng m ate rialsin9 60mlofw ate r:
Yea stnitroge nba s e w/o a min o acids 6.7g
lf u s ed a s solidm ediu m, 2 % ofpu ri丘ed agar w a sadded. Solution w as
a uto cla v ed fわr20min at120oC a nd 40mlof5 0 % D-glu c o s e w as added.
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TableⅠV
Ge n ope ofye a ststrain s u sedin this study
Strain Gen otype Refer e n c e
BY 4741
Y KT724
Y K T725
Y P H499
A u rahis3Al leu2 dOm et15AOLLra3A O A T C C
腿 Ta ade2-101 his3- A200 leu2-801trpl-△63u ra3-52tp/”::HIS3 T his study
AM Ta ade2-101 his3- A 200 leu2-801trpl-△63u ra3-J2tpk2::HLS3 T his study
M 4 Ta ade2-101 his3- A200le u2-801trpl-A 63u ra3-52 [84]
YT H 27-1 脳 Ta ade2-101 his3A20let(2-801trpI A 63u ra3-52tpol:.
･H IS3 [84]
10560-2B 脳 Ta u ra3-52his3::hisG le u2::hisG [97]
L R Y520
L R Y592
L R Y 63
DLIO
DL376
L R B 341
L R B264
L R B 265
M a ya u r a3-52 his3::hisGtrpl::hisGtpkl::u L43 [97]
M4Ta u ra3-52his3::hisGtpk2::HIS3 [97]
M 4 Ta u ra3-52 le u2::hisG his3::hisGtpk3::m S3 [97]
M 4 Taleu2trpl u r a3 his4c a nlR [98]
M 4Tale u2trpl u ra3his4c anlRpkcl::L E U2 [98]
M 4Tahis3 le u2u ra3-52 [99]
M 4 Tahis3 leu2 u r a3-52yckl- Al::URA3 [99]
M 4 Tahis3 le u2 u r a3152yck2-1::HIS3 [99]
YT M 2-8 此4Ta adeltrpl u ra3-52le u2-3,112sptlga12 [103]
Y363 M 4Ta u ra3-52his6 le u2 Aspel::L E U2 [2]
AgapI M 4Ta ade2-1 01his31A 200 le u2-801trpI A 63u ra3-52Agapl::TR PI T his study
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CS Dm ediu m[113]
Diss olv ethefbllo w l ng m ate rialsin 1 litter ofw ate r:
[Amin o a cids]
Aspa r agln e
Se rin e
Tbr e o ni e
Valin e
Gluta mic a cid･ H CI
Aspartic a cid
Pbe nylala nin e
Methio nin e
Tyr o sin e
ls ole u cin e
Arginin e
[In o rg皿ic s alts]
NaCI
H3B O3
MnC12･4 H20
Zn(C H3C O O)2･H20
FeC13
･ H20
Na2M oO4
･2 H20
KI
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1500mg
400 mg
220 mg
150mg
100 mg
80 mg
50mg
40 mg
30mg
30 mg
20mg
100mg
O.5 mg
O.4 mg
O.4 mg
O.2 mg
O.2 mg
O.1 mg
K fI2P O4 85 0mg
K2H P O4 15 0mg
2% CuS O4 2トLl
(N H4)2S O4 3･5g
[Vita min s】
In o sitol 10mg
D -Pa ntotbe nic acidc alciu m salt 2 mg
N ia cin(nic otinic a cid) 400トLg
Pyri do xin ehydr o chloride 400LLg
Thia minehydr o chlori de 400l上g
p- A min obe n z oic a cid 200LLg
Ribofla vin 200LLg
Folic a cid 100LLg
D - Biotin 20トLg
Solutio n w asfi1te r edthr o ughthe c ellulose a c etatefilter, po r e siz e0.22トL m, a nd
stor edat4 oC. Mediu m w a sin c ubated at3 0oC befor e use.
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M inim alprolin e m ediu m1(M P M l)[114]
Dis s olv ethefollo w lng m aterialsin1 litte r ofw ate r:
MgS O4 ･7 H20 1g
K H2P O4 4g
NaH2PO4･ H20 12g
ZnS O4･7 H20 17･3 mg
FeS O4･7H20 7･22mg
CuS O4･5 H20 10トLg
ln o sitol 10mg
D -Pa ntothe nic a cidc alciu m s alt 2 mg
N ia cin 400トLg
Pyri do xin ehydr o chlori de 400pg
Thia min ehydr o chlori de 40 0叶g
p-A min obe n z oic a cid 200トLg
Ribofla vin 2 00トL.g
Folic a cid lOOけg
D- Biotin 20叶g
D- Glu c o se 20g
しPr olin e 1.15g
Solutio n w asfilte redthr o ughthe c ellulo se a c etateflte r, pore siz e0.22叶m , and
sto r ed at4 oC. M edilユm W asin c ubated at30oC befわr e u s e.
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Ge n edis r uptio n
TP K la nd TP K 2ge n e-dis rupted m uta nts(YK T 724a nd Y K T 725)ofY P H 499
w e r ege n e r ated by o n e- step ge n edis r uptio n[115] withthe TP K(1/2)gene::H LS3 P C R
pr odu cts･ T he TP K l::HIS3w a s c on str u cted by In s e rting the X baI fragm e nt ofthe
m S3gene into the s a m e r estrictio n site of TP K l. TP K 2::H LS3w a s obtain ed fr o m
str ain LR Y 5 92･ The s e m uta nts w e re ge n e r atedby Mr. Ke nTa chihar a, s o n a m ed as
Y K T(Ⅹeast of墨e n三a chiha ra)･ 724indic ate shisbirthdayJuly24th.
The G A Plge n e-dis n lPted m uta nt of Y P H 499w asge ne r ated byo n e-step ge n e
dis ruptio n with the G A Plge n e::TW I P C Rpr odu ct【115]. The TR P lge n e was
a 叩1i 鮎dby P C R 鮎m ye a st X2180-1 Age n o mic D N Aas te mplate, u sl ng pn m erS
G A P 1'･:TR P 1-Fl (51-T C TGGT G G T A G T T A T A AGAA A G A G A C C G-3') and
G A P l‥:T R Pl- R l(5しG C C A T C G A TT T T A T G T T T A G A TC m -3-)I The n, 50bp
e a ch ofthe G A PIO R Fw a s atta chedto5
'
- a nd 3' -e nd ofTRPlge n epr odu c edabov eby
r epe atingP CRthre etim e swithprim er sG A P 1::T R P 1-F 2(5-- A C G T A G G A A A AGA Tト
T C T G G T G G TA T A-3')a nd G AP 1･.:T R P トR 2(5'- C AT TTG C A A A T G A T T G C C A TC_
G A T m A T-3.), G A P1.･ .･T R P1-F3(5'- C T A C C C T T A C G G TC A A C G TA G G A A AA G A T_
T-3') a nd GA Pl::T R Pl- R 3(5-- CA C T T G A A G A A TAGA C A T T T G C A A A T G A TT-3･),
a nd with G A P 1::T R Pl-F4(51- ATT C C C A C C A A T G G TC T A C C C T T A C G G TC A-3･)a nd
G A P l::T R P l- R 4(5しC T C C A T TG A A G C A C C A C T T G4A G A A TA G A-3
'). Resulting
D N A fr agm e nt(G A P lge n e･･:TR P l)w a sintr odu c ed into Y P H 499 bythelithiu m acetate
m ethod of lto etal[116]･ Cor re ctdisr uptio n w a s v e rified byP C R.
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Is olatio n ofchro mosom alDN A
Y由stcels we regr o w nin 5 ml ofY P Dm ediu mto statio n ary phas e,ha Ⅳ e sted
a nd s u spe ndedin I ml of O･l M Tris-SO4, PH 9･3, 4 % 2- m e r c aputo etha n ol･ Afte r
in c ubatio n atr o o mte mper atu r efor5 min, c els w er e c olle cted, s u spe nded inO･4 mlof1
M s o rbitol
,
5 mg/mlzym olya s e20T and in cubatedat 30
oC fo r30 min･ The n c ells
w er e c olle cted byc e ntrifugatio n a nd lys ed in 1 mlofLysisbufe r(5 0mM Tris- HCl,pH
8.0, 0.2 M NaCl, 10m M E D TA,5% SD S, 5 mg/mlPr otein as eK) and in c ubated at60
oc for20 min. Cel 1ys ates w e r e e xtr a cted with Phen ol/CH C13/Is oamyl alc ohol
(25:24:1)and C HC13/Is o a mylalc ohol(24:1), and DNA w a spr e cipitatedby adding2
v olu m e s ofetha n ol･ Re s ulting D N Aw as furtherpurifiedbytre atm e ntwith 30けg/ml
R Nas eAifn e eded.
Pla s mids
Fo r c o n stru ctio n ofplas mids e n c oding H Ataggedv ersio n ofTpo pr otein s)the
ge n e sfo rTP Oopen r e ading fla m e sla ckingthete r min atio n c odo n and its upstr e a m
r egio n s w e r e a mplified by polymer as echain re a ctio n(PCR)fr o mX 2180-1 A(M4 Ta
s u c2m a10 ga12 C U P l) gen o mic DNA as a te mplate u sing prim e r s ets of
HindIII-T P O IF(5--T A G C C C A A G C T T G A T C GT AGG A A T T C C C T A A A G-3
T
) a nd
SalI-T P O 1 R(5'-T A A C G C G T C G A C A G C G G C G T A A G CA TA C T T-3
I), H indIII-T P O 2F
(5--T AG C C C A A G C T T A C T G T A A T G C C A C T G T T TA TTTT-3
I
)
(5
-
- T A A CG C G T C G A C C A T C T C A A C A C T G T C G A T G G A-3
'),
(5
-
- T A G C C C A AG C T T C T G T C C T G T T A C A A C C T G T T C T-3り
(5
.
- T A A C G C GTC A C T T C A A T A C T A T C TA T G G A Å M T C C-3
I
),
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a nd SalI- T P O 2 R
HindIII-T P O3 F
a nd SalI- T P O3 R
HindIII-T P O 4F
(5しT A G C C C AAG CTT GGGCTC C G C T T A A A A G C-3I) a nd SalI-T P O 4 R
(5--T A A CG CGTCGAcA A C C A T T C T G G C G G A A G-3り. Tbe r e s ulting D NA
fr agm e nts w e r edigested with H indIIIa nd SalI, a nd in s e rtedinto the s a m e sites of
Y Ep35 2[87]･ The D N Ac od ing fo rthr e e c opie s of Hae mophilus injtue n z ae H A
epitope w as amplified&o mpcD N A3- H A(10m er)[117]u singprim e r sSalI- Gly5 H A 3 F
(5I- T A A C G C GT ACG G T G G T G G T G G TGGT T A C CA TA C GAT G T T C CTGA C-3')
a nd Ec oRII HA3 R(5しC C G G A A T TC A C TG A G C A G C G T A A TCTG GA AC-3'). The
r e s ulting &agm e nt was dige sted with Salta nd EcoR I, in s e rted into the pla s mid
ge n e r ated as abo v e･ Forthe effic e nt e xpre ssio n of Tpo pr oteins, 170 bp of do w n
str e am u ntr a n slatedr egion of U G A 4ope n r e adingna m e[102]w a s amplified by prim e rs
U G A 4 U T R F (51- G G A A T T C T A A AT G T T C A A A C C T T T A TA A AGA) and
U G A 4 U T R R(5しGGAA T T C A T C T G C C ATTA A C A T T C C C G13I), a nd in s e rted to the
im m ediate do wnstr e am ofHA s equ e n c eby digestingthe 鮎 gm ent with EcoRI. The
s lngle c opy plasmid bea n ng H Atagged TP OIw asge n e r ated by In s e rtingthe D N A
&agm e nt of H Atagged TP O lge n e amplified fr o mpla s midgener ated abo v eby PCR
using pri m e rs H indIII- TP O1F a nd H indIIII U G A 43･U T R R
(5-- T A G C C C A A G C T TA TtT G C C A T T AA C A T T C C C G-3.) into the HindIIIsite .f
Y Cp5 0[118].
Fo r c o n stru ction of Y EpU G A 4, the ge n efo rU G A 4ope n r e ading fla m e[10 2]
andits ups･tre a m r egi o nW a s a mplified byP C R fr o mX 2180-1A ge nomic D N A, u sing
prim e rs SalI- U G A 4F (5'-A C G C G T CG A C G C G G C T T G CG ATC T T A T T T-3.) a nd
SacI- U G A 4 R(5'- A CG A G C T C A T C TGC A T T A A C A T T C C C G-3･)I T he re s ulting 2.4
kb 舟agm e nt w a sdige sted with Salta nd SacI, a nd in s erted into the s a m e site s of
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Y Ep352[87]. An
'
Uga4p fu s edto thr e e c opies ofthe Ha e m ophilu sinjlu e n z a eHA
epitope to the C-te r minus with 5 r e sidu e s ofglycln e a S a SPa C e r W a sge n e r ated as
Y EpT PO l-HA3:ge n efo rU G A 4la ckingthete r min atio n c odo n w as a mplifieda s abo v e
u sing prim e rsHindIII- UGA 4F(5
T
-T A G CC C AGC T TGC G GCT T G CGTA T C TTAT T T-
3f)andSalトUG A 4 R- S T O P(5y-TA AC G CG TC GACTG GT T C CTG T T T G G ACA TAA -3T),
digested with HindIIIand Sam, a ndin s ertedintothe s a m e sites of YEp3 52･ T he DNA
c o°ingfo rthr e e copie s of HA epitope w a s a mplifled 触) mPCD NA
-HA(10 m e r)u sing
prim er sSalt- Gly5H A SF(二5
-
- T A ACGCG T C GAC GGT G G T GGT G G T G G TT ACCC A T A-
CG A T G T T C C T GA C-3T)andEcoRI-HA 3 R(5
T
- C C G G A A T TC T A CT GA GCA GC GT A-
A T C T G G A A C-3f). The r e s ultingfragm e nt w a sdige sted with Sal a ndEc oRI,in s erted
into the pla s midge n e r ated a s abo v e･ Fo rthe efrlCie nte xpr e ssio n ofUGA4, 170 bp of
do w n stre a m u ntr a n slatedregion OfU G A 4ope n re adingflam e w a s a mplified by pn m er s
U G A 4 U T R F (5
f
- G G A A T T C T A AA T G T T CAA ACC T T T A T AAA G A) and
U G A 4 U T R R(5T- G G AT T CAT C T G C CA TT AA C A T T C C CG-3t) and in s e rted to the
im m ediate do w n str e am ofH As equ e n c eby digestingthe fragm e nt withEc oRI･ The
geneforA L R l[119]w a s a mplifiedsimilar1y 丘o m geno mic D N AofY W 5-1 B(A4A Ta
trpl ur a3-52 le u2-3,112) as a te mplate using prim e rs Y O L130w -1
(5-- A A G T C G A C T A A T T A T G C A T A A T A A C G T A C G-3り, Y O L1ヨow -2(5しA AG G A T C-
CAAGG T C A C G G C T A G A T C A C T A A-3
T
). The r e s ulting D N Afragm ent w as clo n ed
intoSaltand Bam H Isite s ofY Ep351[8 7].
For constru ctio n of Y EpG A Pl, the ge n efo rthe G A P lope nre ading fr a m e
(O R F)and its upstr e a mregio n[120] w as a mplified by P C R fr o mye a st X 21801 A
ge n o mic D N A a s te mplate, using pn m e r s GA P1F
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(5f- G C T C T A G AT T C A T C A T G A T A T C T GT T T T A G G A C-3
.) a nd G A P 1 R
(511 CG C G GA T C C T G C G G G G A A A T C AT T r-3
1)I The r e s ulting2･5 kbfragm e nt w a s
dige sted with XbaI and Bam HI, a nd in serted into the s a m e r e striction site s ofthe
pla s mid Y Ep352[8 7]. Pla s midpGA Pl-E GFP which e n c ode sE G FPat the C-termin u s
of G A PI O R Fw as･c o n stru cted a sfollo w s:the gen efor EGFPw a s a mplifled by P C R
u sing prim ers E G FP-F (5しC G G G G T ACC ATGG T G A GCA A GG C A G A G-3
7
) a nd
E G FP- R (5しC C G GAA T T C T T A C T T G T A C A G C T C G T C C A T G-3
t
) fr o m PE G F P-N l
(C L O N T E C H), dige sted with Kpnl a nd Ec oRI, a nd in s ertedinto the s a m e site s of
Y Ep3 52. The n, 170 bpof 3
しu ntr a n slatedr egion ofthe U G A 4ge n e[1 02]w asin s e rted
intothe Ec oRIsitelo c atedat the do w n str e am of E G FPsequ e n c e. T hege n efo rG A P l
la cking the termin atio n c odo n w as a mplifled by P C Ru sing Prl m erSG A PI Fa nd
G A P 1-StopR (5しC G C G G A T C C A C A C C A G A A A T T C C A G A T r C T A T A C13'), dige sted
with X bala nd Ba mH I
,
a nd in s e rted intothe s a m e site s ofpla s midc o n stru cted abo v e.
Re s ultingD N As equ e nce e n c oding G A P l- E G F P fusio npr otein w a s a mplifiedby P C R
u sing prim ersG A P1-F a nd XbaI- U G A 4- R(5I - G C T C T A G A A TCT G C A T T A A C A T T C-
C C-3'), dige sted with X bal a nd in s e rted into the s a m e site of single c opy plas mid
pAUR l12(T A E A R A S H U Z O Co. , Ltd.)
Tra t2Sfor ulatZ
'
o n ofye a st
This w asperform ed a s m ethods oflto etal[116]. Ye a stc ells w e re c ultu r edin
5 mlofYP Dm ediu mtologarithmic gr o w i ng Phas e. Cells w er ehar v e sted, w ashed
a nd s u spe nded in 5 0Lilof T E Li Ac(10m M Tris- H Cl, pH 8.0, 100m M lithiu m a c etate,
1 m M E D T A)･ 5 リノ1 of 10mg/mlheat de n atu red s alm o ntestis D N Aa nd 1ug of
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plas midw er e addedto c ells uspen siop･ Cells u spe n sio n w a sthe n addedto 30 叫 of
T E LiAc c o ntain lng4 0% polyethyle n eglyc ol, w el mix eda ndin c ubatedat 3 0
oC fo r3 0
min a nd 42oC fTo r2 0min･ Cells w er e c olle cted
,
s u spe nded in 50pl of water and
spr e ad o n s el ctiv e m ediu m.
Su c r o s eD n siOIGr adie ntCe nirlfugatio n
Subc ellula rdistributio n of HA tag ged でpo pr otein s w asdete min ed a sthe
m ethods of Sorin et al[121]･ Ye ast c ells c arrying pla smi ds e n c odingthe HA tagged
v er sio n ofTpo pr otein s w e r egr o w nin Y P Dm ediu m c o ntain lng0.3 m M spermin eto
e xpo n e ntially gr o w ing Phase and 10m M NaN3 W as addedpr10 rtO ha rv e sting andthe
c ulture w a spla c ed o nic e. Cells w er e w a shed with H20 a nd Sorbitol buffe r(1.2 m M
sorbitol, 100m M T ris- H Cl,pH 7.5), s u spe ndedin100mlof Sorbitol buffer c o ntaining
25mgzym olya s e20 T(S EIK A G A K U C O R P O R A TIO N)andin c ubated at30oC fo r45
min withge ntle agitatio n s. T he r es ultingspher opla sts w e r e s u spe nde･din 4 mLlysIS
bufer(0･3 Ms orbitol, 20m M Tris- a c etate, pH 7.2, 1 m M E D T A, s upple m e nted with10
pM E64 Ca nd 20トLM FU T175) and ho m oge niz ed by 3 0str oke sin atight-fitting
Do u n c eho m oge niz e r. Afte r r e m o ving u nlys ed c ellsbyc e ntrifugatio n(800× g, 3 min
at4 o C), c ell lys ate w aslayer ed o nthetop ofadis c o ntin u o u sgr adie ntr a nging舟o m18
to54%(w/v)s ucro s ein 10m M Hepe s, pH 7.1, 1 m M E D T A,10steps of 4 %diffe r e n c e
e a ch. Gradie nts w e r e c e ntrifuged fo r2.5 hat35 000rpm in aH IT A C H RP S40 T-242
r oto r at4 oC a nd B･a ctio n ated m a n u allyfr o mtopto botto m(1 1 舟a ctio n s of1 mle a ch).
Fr a ctio n s w e r ediluted(1:5)in Trisbu飽r(100m M Tris- H Cl, pH 7.5, 150m M NaCl,5
m M E D TA)and m embrane swe r epelleted by c e ntri fugatio n(100,000 × g, 2 h, 4
oC).
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The r e s ulting pellets w e r ein c ubated in 400plof Trisbuffe r c o ntain lng5 Mu r e a o nic e
fo r30min ute s
,
c e ntrifuged(17,0 00× g, 45 min, 4 oC), s u spe nded in lOOトLI S D S
sa mplebuffer(25 mM Tris- H Cl,pH 6･8, 5% glyce r ol, 1% s odiu mla u ryls ulfate, 0.2 %
Sodiu m deoxycholic acid, 0･05 % br om ophen ol blue) and s epar ated o n a8.5 %
S D S-polya crylamide gel, follo wed by lm munOblotting us 1ng E C L We ste rnblottio ng
a n alysis syste m(am ersha mpharm a ciabiote ch)a s m an ufa ct心re r'spr oto c ol.
Antibodies
The a ntibodie s usedinthis study w e r e m o u s e m o n o cl n ala nti- H A, clone HA -7,
pu r chas edfr o mSIGMA; m o us e m o n o clo n al a ntiNphlp, clo n elO D 7, pu r chas ed 丘o m
M ole ctlla rPr obe s; r abbit polyclo n al a nti-Pm alp[122], kindly pr o vided by Dr. R.
Se 汀 皿 0
,
In st血to de Biologia Molec ulary Celula rde Pla ntas, Univ er sidad Polite c nic a
de Vale n cia- C･S･Ⅰ･C:
,
A le x aFluo r@ 48 8go at anti- m o u s elgG (H十L), Pu r chas ed fro m
M ole c ularPr obes;ho rs eradish peroxida s e-linkedshe ep a nti- m o u s elg, pu r chased 舟o m
a m e rsba mp血a m a ciabiote cb.
IndirectZm m u noPu o r escenc eM ic r o s c opy
This w as es s e ntialy perfo rm ed a c c o rdingtothe m ethods ofP ringle etal[123].
Ye a st c els w er egr o w ntothe e xpo n e ntialpha s e a ndthe nO･7 mL of 3 7% for maldehyde
w a s addedto 5 ml cul仙res･ A 触rin c ubatio n at r o o mteI叩 er atu r efb∫15 min, c ells
w e r ehar vested a nd res u spended in 5 %pho sphate buffer ed fo r m aldehyde, pH 6･5 a nd
fix ed fo r24 hatr o om te mper atu r e･ Fix ed c ells w e r e w a shedthre etim esin s orbitol
buffer a nd s u spe nded in the s a m ebuffe r c o ntain lng 10m M 2- m e rc aptethanol and I
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mg/mL zymolya s e20T. The cells we r einc ubatedfo r2hat30
oC a nd the r e s ulting
spher oplasts w e r ebo u ndto poly- L･1ysin e c o ated micr o s c ope slides(MU TO PUR E
C H E M IC A LS Co.
,
ltd) and de n atu r edbyim m e rsingin m etha n ol for 6 min a ndin
ac eto nfor30s e e at -20
oC. The c ells w e rein c ubated with Trisbuffe r eds alin e(T BS),
pH 7.4 c ontaining1 mg/mL bo vin e s e r u m albu min(BSA)forIh at 37
oC･ A I:1000
dilutio n ofthe pn mary m o u s e m o n o clo n ala ntiH Aa ntibodyin TBS/BSA w a s applied
tothe slides a ndin c ubated fo r4hat3 7oC. Afte r w ashingte ntim e s withT BS/BSA, a
I:5 00 dilutio n ofgo ata ntim o u selgG antibodyc o njugatedto Ale x a488w as added a nd
in c ubatedfor4h at37oC. A鮎r w ashingten tim e s withT BS/B S A,the slide s･ w e r e
im m e rs ed in Pr oLo ng a ntifade s olution (Mole c ular Probe s) a nd vie w ed with
epinu o re s c e n c e with argo nla s er, w a velength 48 8n m, a nd diffe r e ntial interfere n c e
c o ntr a stoptic s(Z EISS, L S M 5 I0 Las e r s c a n ning micr o scope)I
F luoresc e n c e mic r o s c opy
Y P H 499 c e1s c arrylng Plas mid psG A Pl- E G FPw e r egr o w nto the mid
logarithmic pha s e(A54 0= 0.3)in C S Dm edium a nd m o unted o nthe poly- L-1ysin e
coated slide gla s s(M U T O- G L A SS). E G F P flu or e s c e n c e w as obs e rv ed umder an
OLY M P U SB X 51micr o s c ope equlP Ped with nu o r e s c e n c e opticsU - L H IOO H G A P O
(O L Y M P U S). Im age s wer e a cquired dir e ctly with a c o oled C C Dc a m e r aD P 70
(O L Y M P U S).
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Tra n sporta s s ay
Ye a st c els w er eha rv e steddu ringthe e xpo nentialpha s e(A540- 0.5), w a shed
thr e etim e s with 5m L of 20m M Nabuffe r(Na- M E S, pH 5.0 o rNa- Hepes, pH 7.2 o r
pH 8･0)c o ntaining10m M glu c o s e, s u spe nded at0.2 mg pr otein/ml inthe sa m ebuffer
a nd in ctlbatedat 3 0oC fo r5 min･ Whenthe activity of Gaplp w a s m e as u r ed, 100LLM
MgSO4 W a s added･ W he n D L3 76and DL 100str ain s w e r e u s ed, 1 M s orbitol w a s
added･ In the c as e ofa ss e s s m e nt ofthe effe ct of m etabolicinhibitors, pr ein c ubatio n
w a s elo ngatedto 30min inthe pre s e n c e of 1m M NaN3 0 r50LLM bafl o mycin Al
(Wako)･ The r e a ctio n w a s started bythe additio nlabeled s ubstr ate s. A t indic ated
tim epoints, 0･5 mlaliqu ot ofr e a ctio n s wa sfilte redthr o ughc elulos e a c etatefl terbore
siz e O･45いm , A D V AN T E C) and w ashed tw otim e swi thbuffer des cribed abo v e
c o ntaining10-foldc o n c e ntr atio n s ofno n-labeled s ubstr ate s, The r adio a ctivityo nthe
filter w a s c o u nted in aliquid s cintillatio n c o u nte r･ T he c o n c entr atio n and spe ciflC
a ctivities of s ubstr ate s w e r e a sfbllows‥0･5 m M [
14c]p 血 e s cine (3 7 M Bq/m m ol,
Am erica n Radiolabeled C he mic als), 0･1 m M [
14c]spe mi din e (3 7 M Bq/m m ol,
A m ersham Bio s cie n c e s), 0･1 m M '[
14
c]spe r min e (3 7 M Bq/m m ol, Am er sha m
Bio s cie nces).
Fo rthe a s s ay of polya min e ex c r etio n, a par aqu at, o n e ofthe polyamin e
a n alogu es, w a s u s eda s s ubstr ate･ [
14
c]par aqu atyaspr elo adedbyin c ubatio n ofc els
(0･2 mg pr otein/ml) with 1 m M [
14
c]pa r aqu at (18.5 M Bq/m m ol, A m eric a n
RadiolabeledChe mic als)atpH 8･O for90min･ Afte rcells w?re w ashed a sdes c ribed
abo ve
, [
14
c]par aqu at･lo aded c ells w er ein c ubated in the buffer c o ntaini去g 2 0m M
Na/ME Sbuffer, pH 5･O a nd 10m M gluco s e.
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A 鮎rin c ubatio nfわr3 0, 60, 90o r120
min at30oC, a0.5 ml aliqu ot ofthe r eactio nmixtu r ewas centrifuged(17,00 × g, 5
min at 4 oC), a nd the r adio a ctivity ofthe s叩 e m atant W as CO u nted in aliquid
s cintillatio n c o u nter.
Dete r min atio n ofpr otein sin whole c ells
Cells w e rein c ubated in 10% T C Aat 70 oC fo r2 h a nd the nha rv e sted
,
suspe ndedin 0.2 N NaO H. Afte rin c ubatio n at30
oCfo rlh
,
c ells w er epr e cipitatedby
c entri fugatio n a nd a m ou nt ofpr oteinin s upe m ata nt w a sdete min ed bythe m ethod of
Br adfbrd[124].
No rther nblota n n(ysis
Ye a stc ells w ere ha rvested duringthe e xpone ntialphas e(A5 40- 0.5), w a shed
with a bufe r c o ntaining 10 mM Tris- H Cl@H 7.5) and l Msorbitol, and the n
r e s u spe nded inthe s a m ebuffe r at5 x 1 0
8
c ells/ml･ ARerin c ubatio n with40LLg/ml
z ymolyas e20 Tat3 0
oC fo r3 0min, R N Aw a s e xtra cted witha nRNAqueous- M iDi Kt
(Ambio n). No rthe rnblot an alysis w a spe rfo r med a sdescribedpre viously[125]using
E C L Dir e ct Nu cleic Acid Labeling a nd Dete ctio nSyste m s(Am e rsia m Bio s cie n c es)
with 20LLg OftotalRN A. Ge n es of U G A 4pr obe w a s a mplified byP C R&o mpla s mid
Y EpU G A 4, u slng Prl m e rSSalI- U G A 4Fa nd SacI- U G A 4 R. Ge n es ofG A Pla nd ACTI
w e re a mplified byP C Ru slng Pn m e r S ets Of G A PI Fa nd G A PI R forG A P l, A C Tl
-Pl
(51- G G A A T A A A T A G G G G C T T G A-3
-
)a nd A C T1- P2(5
I
- A A G A A G A T T G A G C A G C G-
G T-3r)for A C Tl, r e spe ctiv ely, a ndge n o mic D N Aof X 2180-1 Aa s ate mplate･ P C R
pr odu cts w er e u s ed a ste mplate sfo rpr obe s. C hemic allu min e sc e n c e w a sdetected bya
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L AS-1000plu slumin e s c e ntim age a n alyz e r(Fuji Film).
Me a s u rem entofPo(ya min eCo nte ntsin W hole Cells a nd Va c u oles
Ye ast cells were ha rv e sted during the e xpo n e ntial phas e･ Subc ellular
fr a ctio n atio ninto va c uoles w aspe rfo rm ed bythe m ethod of Joho et al[126]. Cells
w e r e s u spe nded in50 0mlof M ES buffe r(10m M M E S- Tris, pH 6.0, 0.6 Ms orbitol, 10
m M D-gluco s e, 0.5 m M CuS O4) and in c ubated at 3 0 oC fo r 10 min. A fte r
c e ntri fugation, c ells w er e w a shed with 250トLlof M E S buffer a nd s upe rn at nts w er e
c o mbin ed a s cytopla s mic fra ctio n･ Colle cted c ells wer e s u spe nded againin 500ml of
lO % T C Aand boiled for 15 min
,
w a shed with 250トLl of lO % T C A. A fte r
pr e cipitatio n ofc ellsbyc entri fugation, s upe rn at nts w er e c o mbin ed as v a c u olar&a ctio n.
Polya min e sin whole c ells w er eextr acted bythe tre atm ent of cels with lO %(w/v)
trichlor o a c etic acidat70oC fo r1 h･ Polyamin e c o nte nts w e redete rmin edbyH P L Ca s
de s c ribed pr e vio u sly[127]･ T S K･ gel Polya min epak(4.6 × 5 0m m) colu m n w a s
equ aliz ed with Buffe rII(0･35 M Na- citr ate, pH 5･3, 2 M NaCl, 20 %m etha n ol)and
polya min e s w er e separ ated at50
oC
,
0･42ml/min･ Polya min e s w e re r e acted with O P A
buffer (0･4 M boric a cid- K O H, pH 10.4, 0,06 % oIPhthalaldehyde, 37 m M
2- m e rcapto ethan ol, 0.1 % B rij-3 5)in flow rよteo.4 ml/min at50oC a nd flu or es c e n c e w a s
dete rmined with入′ex - 33 6n m a nd九e m - 470n m.
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